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Introductory. 


HE phenomena of electrolytic polarization have long been 

known. Varley,! however, seems to have been the first to 
appreciate that an electrolytic cell, when subjected to small volt- 
ages, could be employed as a substitute for a condenser of great 
capacity. He made determinations? of the capacity of platinum 
plates in dilute H,SO,. About the same time Kohlrausch ® deter- 
mined the capacity of platinum electrodes, in order to find whether 
the error thus introduced, when these electrodes were employed 
in the measurements of the resistances of electrolytes according to 
his method, were negligible or not. (We might well call atten- 
tion to the fact that Fessenden‘ quite recently says that all 
measurements made by the Kohlrausch method are incorrect, 
because the impedance, and not resistance, is really measured. 
While this may be true in the abstract, only ordinary experimental 
precaution is necessary to make these two quantities practically 
the same. Kohlrausch® has recently shown the magnitude of 

1 Patent Specification, C. F. Varley, Electric Telegraphs, etc., Jan., 1860. 

2 Varley, Phil. Trans., 161, p. 129, 1872. 

8 F. Kohlrausch, Nachr. der K., Gott. Gesellsch., Sept., 1872, p. 453. 


* Fessenden, Phil. Mag., Dec., 1894. 
5 Kohlrausch, Annalen der Phys. u. Chem., Band 49, 1893, p. 235. 
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these errors.) Blondlot! and Helmholtz? have worked upon the 
capacity of electrolytic condensers, but the original publications 
are rather inaccessible, and the abstracts by other authors are 
wanting in data expressed in absolute measure. During the prog- 
ress of this investigation two papers have been published which 
have a direct bearing on the subject. One by Hopkinson,’ Wilson, 
and Lydall considers the capacity of electrolytic condensers when 
traversed by an alternating current ; the other, by Bouty,‘ considers 
the curves of the polarization of charge and discharge as functions 
of the time after closing or opening the circuit. Many others 
have worked upon the subject in its different aspects. 


Method. 


Many workers have assumed that a platinum-H,SO, cell, after 
being short-circuited for several hours, is in a neutral or unpo- 
larized condition. This is not the case. We have not been able 
to obtain such a condition even after short-circuiting for days. 
Even new electrodes, which have never been in acid, exhibit 
marked polarization. To avoid the delay necessary to bring the 
electrodes into even an approximately neutral condition, we have 
had recourse to a method similar to the “method of reversals” 
employed in testing iron. A difference of potential, measured by 
a voltmeter, is impressed for a certain time upon a circuit contain- 
ing the electrolytic cell in series with a non-inductive resistance 
equal in amount to the resistance of a ballistic galvanometer about 
to be used. By means of a commutator, the polarity of the differ- 
ence of potential is reversed and the galvanometer is substituted 
for the resistance. The throw of the galvanometer gives the 
quantity of electricity necessary to depolarize the cell from a given 
voltage to zero, plus the quantity necessary to polarize it to the 
same voltage in an opposite direction. These two quantities are 
equal. The capacity at that voltage is obtained by dividing half 
the quantity by the voltage. The method yields quick results, 


1 Blondlot, Thése de Docteur, Nr. 460. Paris, 1881. 

2 Wiedemann, Lehre der Elek., Vol. 2, p. 451. 

8 Proc. Royal Society, Vol. LIV., p. 407. 

4M. E. Bouty, Journal de Physique, Nov., 1894, p. 498. 
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and any measurement may be repeated at will. The voltmeter 
employed was one of Weston’s. The galvanometer was of the 
d’Arsonval type, with a complete period of 44 seconds, and a 
resistance of 1065 ohms. The calibration of the galvanometer was 
obtained with the help of a Clark element and a standard micro- 
farad condenser. The electrolytic condenser acts like an ordinary 
condenser of very large resistance as far as its effect upon the 
damping of the galvanometer is concerned. The E.M.F. set up 
in the moving coil is opposed by the impressed E.M.F. when the 
swing is in one direction, and by a counter E.M.F. of the cell 
when in the other direction. The resulting damping is the same 
as would occur on open circuit; e.g. the ratio of one q 
amplitude to the following with the electrolytic con- 
denser in circuit was 1.08; with open circuit, 1.08; 


with equal wire resistance substituted for the electro- ; 
lytic condenser, 1.60. 

We have also employed a method similar to the ' 
“step-by-step method” used in obtaining hysteresis 


curves of magnetic substances. The electrolytic 
condenser in series with a ballistic galvanometer 
is subjected to a voltage which is increased by steps from 0 to a 
maximum; reduced in a similar manner to 0; reversed and carried 
to a negative maximum and back to o. 
The throws of the galvanometer accom- 
panying each change of voltage are ob- 
Fig. 2. served, and after algebraic summation, as 
in the magnetic method, are used as ordi- 

nates, with voltages as abscissz. 

The condensers with which we have done the greater part of 
our work are of two forms, represented respectively in Figs. 1 and 
2. The electrodes in the first form were of platinum wire, sealed 
into capillary glass tubes. The ends of the tubes were bent at 
right angles, as indicated in the figure, and together with the ends 
of the contained wires were ground plane and polished. The 
object in bending the tubes at right angles was to obtain uniform 
current density —a needless precaution, as explained later. The 
electrodes, together with a thermometer, were mounted in a cork 


Fig. 1. 
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which fitted in the top of a beaker containing a I : 20 solution of 
H,SO, We have used four such cells with wires of .814 mm. 
diameter, and four of .41 mm. diameter. The condensers of the 
second form (Fig. 2) were made from glass tubing 3.2 mm. internal 
diameter, bent in the form indicated. The electrodes are mercury 
and the electrolyte dilute H,SO, The condenser consists of 
several cells placed in series, and the mercury portions which fill 
the lower bends act as cathodes on one side and anodes on the 
other. We met with some difficulty in endeavoring to properly 
dispose of the mercury and acid to the exclusion of air bubbles, 
but overcame this by employing a force pump. One end of the 
empty tube was passed through one of two perforations in a rubber 
stopper which was fitted into a test tube containing equal parts of 
mercury and dilute acid. Through the other perforation passed a 
tube connected with the force pump. By slightly tipping the 
condenser tube its end could be brought at will into either mer- 
cury or acid. Then, by manipulating the force pump, any desired 
volume of acid or mercury could be forced into it. 


Effect of E.M.F. on Capacity. 


If we consider the capacity, C, of an electrolytic cell to be the 
ratio of the quantity of electricity, Q, passed through it to the 
E.M.F. of polarization, ~, produced, it is evident that the capacity 
cannot be constant ; for g has a maximum limit, and if an E.M.F. 
greater than this limit be impressed on the cell a current will flow 
and C becomes infinite. For very small values of f, C has a definite 
value, which has been termed by Blondlot the “ initial capacity.” 

The following! have been given as the maximum limits of g for 
platinum electrodes in dilute H,SO, :— 


Observer. Maximum p in Volts. 
Wheatstone 2.56 
Buff 2.82 
Svanberg 2.54 
Poggendorff 2.56 
2.62 


1 Wiedemann, Lehre von der Elek., Vol. 2, p. 695. The assumption is made that 
E.M.F. of Daniell cell = 1.1 volt. 
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Fromme? states that maximum ¢ varies from 1.45 to 4.31 volts, 
according to size of electrodes and concentration of electrolyte. 
The capacity of a cell . 
varies, then, between its [ 
initial value at a low volt- } 
age and o at 2.62 volts. / 
The manner in which it , bd 
varies is represented by 
the curve in Fig. 3, which 
was obtained from a cell 4 
of the form shown in Fig. 
1. The cause of the 
curvature is undoubtedly 
what Bouty? has termed uy 2 3 
the “force of depolariza- Fig. 3. 
tion,” which he shows increases with f. 


MICROFARADS 


vorTs 


Effect of Electrode Surface. 


If the two electrodes of a cell expose to the electrolyte areas of 
S, and S, cm.? respectively, then the initial capacity C of the cell 
is obtained from the formula 

I 

where X is a constant depending upon the material of the elec- 
trodes, the character and temperature of the electrolyte. Bouty 
has shown that the manner of distribution of S, and S, is of no 
consequence. If, ¢.g., the electrodes were two plates placed parallel 
and opposite to each other, the current density on the opposed 
surfaces would be much greater than on the reverse sides, and 
although the polarization might attain for an instant a greater 
value on these surfaces, local currents would soon equalize it 
throughout the electrodes. 

The values of K vary widely with different specimens of 
platinum. The following values for platinum in dilute H,SO, 
are taken from Wiedemann. Blondlot observed that A sunk to 


1 Annalen d. Physik u. Chemie, XXXIII., p. 80. 2 Bouty, L.c., p. 505. 
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about one quarter of the given value after long standing in the 
electrolyte. Bouty gives X= 20.13 for platinum in nitrate of soda. 
We have found for four cells, of the form shown in Fig. 1, with 


Observer. X in Microfarads. 
Blondlot 31 
Kohlrausch 25.8 
Varley (50) 
Helmholtz 39 

Colley 314 to 284 


electrodes made from the same piece of wire, fused in the same 
kind of glass, and used in dilute acid from a common source, the 
values of K at 20° to be 174, 180, 464, and 656 microfarads respec- 
tively. Also for two electrodes of platinum foil 7 x 0.5 cm., fastened 
by means of heated shellac to two flat pieces of vulcanite, so as to 
expose one surface only to the action of the current, K=43.2 at 
20°. Again, for two like electrodes of platinum wire of .o107 cm. 
diameter and 5.8 cm. length, A=42.6 at 21°.7. The very high 
values for the first four cells we were prone to discredit, but 
continued redeterminations and recalculations yielded concordant 
results. 

In the case of the mercury electrodes (Fig. 2) it is impossible 
to estimate with any accuracy the area of surface exposed to the 
electrolyte. The internal diameter of the tubes was 0.32 cm., and 
the initial capacity of 14 cells in series was 4.14 microfarads at 20°. 
Assuming all cells to be alike, each would have a capacity of 58 
microfarads. Assuming the exposed surface of each electrode to 
be 0.15 cm.’, gives K=675. 


Effect of Temperature. 


The effect of temperature on the capacity is very marked. If 
Cys represents the initial capacity of a Pt—H,SQ, cell at 18°, then 
the capacity C at any temperature ¢ is represented by the formula 


C=C,,[1+(¢—18)o.0215]. 
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We have obtained this formula from the following observa- 
tions :— 


Temp. 

17.66 1.60 
24.36 1.80 
28.16 1.93 
33.26 2.14 
39.96 2.38 


The cell was placed in a water-bath whose temperature could be 
changed. The temperature of the electrolyte was read from a 
thermometer, whose bulb was in the cell and near to the 
electrodes. The electrolyte was not stirred for fear of introducing 
air. 

The Hg—H,SO, cells showed a larger temperature coefficient. 
They were placed in a large water-bath, and the temperature of 
this was obtained by averaging the readings from several’ ther- 
mometers, placed at various points near the cells. The following 
are the observations :— 


Temperature 13.5 21.4 30.4 35.3 40.0 45.97 
Microfarads 3.29 4.29 5.70 6.70 7.55 8.88 


These results plotted as a curve show an increase in capacity of 
about 4 per cent for each degree of rise in the neighborhood of 18°. 


Effect of Concentration. 


Changes in the concentration of the electrolyte do not have a 
very great influence on the capacity. This is shown by the follow- 
ing observations, taken at a constant voltage (0.1808 volts) with 
the same pair of electrodes :— 
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Volume of Solution. Cc ity i 
~ Volume Acid. Temp. 
3 20 06 
6 387 20.01 
12 -400 20.26 
24 404 20.16 
48 -450 20.25 
96 -465 20.16 
192 491 20.26 
Coupling of Cells. 


If any number of cells be joined in multiple arc, the capacity of 
the combination is equal to the sum of the capacities of the 
individual cells. This natural conclusion we have verified by 
experiment. 

If any number of cells, of capacities C,, C, ---, C,, be joined in 
series, the capacity of the combination C can be obtained from the 
formula 


Inasmuch as Cj, C,, and C, vary with the voltage, if cells of differ- 
ent individual capacities be joined in series, the capacity of the 
combination can be found only by constructing a derived curve 
from the curves of the separate cells. The manner of doing this 
may be illustrated by the following example, taken from our 
observations : — 


Cet. No. 1. 
Microcoulombs. .. . .069 -204 .618 


No. 2. 


-049 154 575 


Microcoulombs . 
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Plotting two curves with microcoulombs for ordinates and volts for 
abscissz (Fig. 4), determine from them the voltages of polarization 
produced in each cell by the passage of different quantities. We 
have 


Microcoulombs . ... 2 6 8 

Polarization of Nor... -246 -350 -490 -630 

Polarization of No.2. . . -146 210 .299 


From the sums of these voltages construct a new curve, which 
will represent the relation between volts and quantity which 
exists for the combination. 


21 
= 
NO.1 
° NO.2 NOS.14+2 
£8 
i 
7 


VOLTS 


Fig. 4. 


The following are the observed values for the cells No. 1 and 
No. 2 in series :— 
CELLS IN SERIES. 


.27 .54 .87 | 1.01 
Microcoulombs .. . -0595 .187 .573 | 917 


These values, marked X in the figure, are seen to correspond with 
the calculated curve. 

As the capacities of the cells at any voltage are equal to the 
slopes of their curves at this voltage, it will be seen that although 
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the capacity of a series combination is smaller than that of the 
individual elements, it may be considered as constant over a much 


wider range of voltage. 


Dissipation of Charge. 


The efficiency of an electrolytic condenser cannot be very great, 


considering the efficiency to be the ratio of the energy of discharge 
to that of charge. By the step- 


ch.2 ! by-step method we have taken a 
won) great number of curves showing 

“a / the dissipation when the voltage 

pf f | is passed through a cycle. These 

are very similar to hysteresis 

{ / curves. We will give but two of 

1.21 0. these curves. The first (Fig. 5) 
was taken from two Pt—H,SO, 

| : / cells in series, which were as 
nearly depolarized at the start as 
| g any which we were able to get. 
| la The second (Fig. 6) was taken 
‘al with the Hg—H,SO, tubes 

g strongly polarized originally. 

as The method of observing, in 


each case, was to close the cir- 
cuit under a given voltage for 
Ir seconds until the galvanometer throw could be observed, open 
the circuit for 49 seconds, then close again under the voltage of the 
next step. The cell was thus on open circuit 49 seconds for each 
step, (This time was necessary in order to bring the galvanometer 
needle to rest.) We have increased this time of open circuit in 
different sets of observations on the same cell, but find little 
change in size or shape of the curves. Hopkinson has obtained 
by calculation curves of the same general shape where an alternat- 
ing voltage was applied and 100 cycles were passed through in a 
second. The ends of his curves, however, meet. We have been 
unable to make any of ours do so, and are unable to account for it. 
We are almost certain that it is not owing to original polarization, 


Fig. 5. 
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to change of temperature during the cycle, to error in the voltage, 
or to variation of the time of keeping the circuit closed or open at 
the different steps. 

Looking at Fig. § it will be observed that the greatest value of 
g does not correspond to the highest voltage, but to a descending 
voltage two steps lower. This 
shows us that in this case 
the polarization falls on open 
circuit by an amount greater , 
than the difference between 


N 
> 


two consecutive steps. AT } 
The energy expended by A rs 
the external voltage during 
the first half-cycle, / 3 
IAT 


is represented by the area 
OABC. The energy returned ‘ / 
by the cell equals the area baie 
BCD. The ratio of the latter 
to the former is very small. volTs 
In the case of the Hg—H,SO, 
cells the efficiency is even 

lower. The rapid cycles taken by Hopkinson are of the same 
shape and show equally low efficiency. 

In conclusion, we may add that an electrolytic condenser is 
unsuitable for annulling ferric inductances. While by the adjust- 
ment of a proper number of cells in series the capacity might be 
made to rise with the current in nearly the same manner as the 
inductance (a thing not true of ordinary condensers), there would 
be a wide divergence when the current was decreasing. The 
capacity for decreasing current (slope of curve of quantity and 
volts) is much less than for increasing. The ferric inductance, 
owing to hysteresis, is larger on the decrease. Again, the high 
temperature coefficient and low efficiency are prohibitive to 
practical usage. 


POLYTECHNIC INSTITUTE OF BROOKLYN, December, 1894. 
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THERMAL CONDUCTIVITY OF COPPER 


By R. W. Quick, C. D. CHILD, AND B. S, LANPHEAR, 


Part I. 
CONDUCTIVITY AT HIGH TEMPERATURES. 


By C. D. Child and R. W. Quick. 


I. 
Method Employed. 


HE subject of the conduction of heat in metals has received 
considerable attention during the past three quarters of a 
century. Many investigations have been conducted on various 
metals with a view of determining the absolute value of their con- 
ductivity, as well as its variation with temperature. Various 
methods have been employed, both in the manner of determining 
the value of conductivity and in the measurement of temperature, 
the latter determination being one of great importance. 

In scanning the literature upon the subject one finds that three 
general methods have been followed in experiments on the deter- 
mination of conductivity, viz. : — 

(1) The metallic wall, whose faces are maintained at different 
temperatures. 

(2) A long bar, one of whose ends is maintained at a constant 
high temperature. 

(3) A long bar, one or both of whose ends may be subjected to 
periodic changes of temperature. 

The first method was employed by Péclét, Christiansen, and 
Berget ; the second by Despretz, Langberg, Forbes, Mitchell, Tait, 
and others; and the last by Angstrom, Neumann, Lorenz, and 
H. Weber. 

Temperatures have been measured by means of the mercury 
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thermometer and the thermo-element. The heating has been 
accomplished by a flame directly, by hot water or steam, and by 
plunging the end of the bar into molten metal. 

In this investigation, both in dealing with high temperatures 
and with low temperatures, the second general method of comput- 
ing the conductivity has been employed, and the results deduced 
according to the well-known method first outlined and used by 
Forbes. 

Suppose that one end of a metal bar of length a is maintained 
at a constant temperature either above or below that of the sur- 
rounding medium. By calculating the quantity of heat which 
flows per second through a cross-section of the bar, whose abscissa 
reckoned from the heated end as origin is x, and equating this 
value to the quantity of heat which is radiated (or absorbed) by 
the bar between + and its end a, we get an expression which gives 
the value of conductivity K. This is easily found to be 

K= z dt (1) 
dv 


dx 


where wv is the temperature excess of the bar at the cross-section 
considered, ¢ is time, S is specific heat, and D is density. If x is 
expressed in centimeters, and time in seconds, this gives K in 
C.G.S. units. If the length of the bar is such that a difference of 
temperature exists between its end a and the surrounding medium, 
to the numerator of (1) must be added the quantity of heat which 
is radiated (or absorbed) per second by the end of the bar. This is 
seen to be 


du 
D— 
a5 at 


therms per square centimeter, where A is area of cross-section, P 
is the perimeter, and v, is the temperature excess at the end. 


Now in (1), S-Gae represents the area of a curve whose ordi- 


nates are the rates of cooling (or absorption) corresponding to dif- 
ferent temperature excesses of bar over air, and where abscissx are 
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distances in centimeters along the bar, reckoned from an arbitrary 
origin near the heated or cooled end. Thus if the bar be heated 
or cooled to a uniform temperature and allowed to regain its 
initial temperature condition while simultaneous observations of 
time and temperatures are recorded, the curve of cooling can be 
constructed, and from the tangents to this curve, together with 
the curve of distribution of temperature along the bar, when one of 
its ends is maintained at a constant temperature different from that 
du 
dt 
can be constructed by points, and the area, f Ce de, can be com- 


of the surrounding air, the curve whose coérdinates are x and 


puted. 

To obtain o and e Forbes assumed v as a function of x in 
the case of the curve of distribution of temperature along the bar 
(which for brevity may be called the “statical curve’’), and as a 
certain function of ¢ in the case of the cooling curve. In deducing 
the results in this investigation, no functions were assumed, but 
the curve was drawn on a very large scale, utilizing in the best 
possible manner the points previously located by observed or 
calculated data; and the tangents at different points were taken 
by means of a straight edge, which, as determined by trial, could 
be set with a maximum deviation of 0.2 per cent from the mean 
setting. 

The copper on which the experiments herein described were 
conducted was electrolytic copper in the form of prismatic bars, 
having a cross-section of about §cm.x2cm. One of the bars was 
a little over a meter in length, and had lines ruled on its surface 
5 cm. apart. This will be referred to as the “long bar,” and is 
that which was used for obtaining the statical curve of tempera- 
tures, in the experiments both with high and low temperatures. 
The other bar was about 20 cm. long, and will be designated the 
“short bar.” The original bar from which the two bars were cut 
was one of a set made for Professor W. A. Rogers, and loaned for 
the purpose of carrying on these investigations. The short bar had 
a hole about 1 cm. in diameter bored near the center of its length 
and perpendicular thereto, parallel to the longest sides of the 
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rectangular cross-section of the bar. This hole, extending not quite 
through the bar, could be filled with mercury and a thermometer 
bulb inserted, or, when the bar was wanted as a homogeneous mass, 
the hole was filled with a tightly fitting copper plug. 


II. 
Measurement of Temperature. 


As has already been stated, the methods that have been 
employed in measuring temperatures of the bar are the ther- 
mometer and thermo-element. The use of the former inserted in 
holes bored at certain intervals in the bar possesses many disad- 
vafitages. The presence of holes filled with mercury and glass 
destroys the homogeneity of the bar, besides necessitating many 
uncertain corrections relative to expansion of glass and mercury. 
When the thermo-junction is inserted in holes in the bar, a 
similar objection may be offered ; and when it 1s used on the sur- 
face, the temperature is obtained at only one point of the perim- 
eter of the cross-section. The method that seemed to be best 
adapted to the present case is the “‘resistance”’ method, and is 
that which was used throughout this investigation. 

In dealing with ordinary and high temperatures, this method 
involved only a means of detecting very minute changes in the 
resistance of a very small wire. This wire of insulated electrolytic 
copper was 0.002 in. in diameter, and wound in a single layer of 
about twenty turns (close together as possible) upon a copper 
collar formed of very thin sheet copper { in. in width, that fitted 
the bar just closely enough to admit of movement along it. After 
the. wire was wound and the terminals joined toa 
coarse wire, which in turn was carefully connected 
to a flexible cable, the wire was given a coat of 
shellac to maintain it in place. This collar, bear- 
ing the copper coil of fine wire, as shown in 
Fig. 1, was formed from two sheets of copper. 
c and ¢' are simple extensions of the end faces of 
the collar turned up at right angles thereto. The 
cross-pieces a and 6 are used to stiffen ¢ and c’. 


Fig. 1. 
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The object of these extensions ¢c and c’ was to afford a means of 
moving the collar on the bar. Their use will be more apparent 
when we come to the measurement of low temperatures. 

The resistances of this copper coil were measured by a Wheat- 
stone slide wire bridge, of which the collar formed one arm, R 
(Fig. 2). The wire IV, which formed the ratio arms of the bridge, 
was an alloy of platinum and iridium, and contact was made at any 
point P, by means of a collar C, 
with vernier attachment, sliding 
on an insulated bar S, provided 
with a millimeter scale. The 
shaded portions are heavy copper. 
G is a sensitive and almost dead- 
beat galvanometer, and R’ is a 
resistance compensated for tem- 
perature, against which the collar R is balanced. yr and / are 
resistances so chosen that, for the range of temperatures to be 
measured, P moves the whole length of the wire WV. 

In experiments involving ordinary and high temperatures, this 
bridge was calibrated in the following manner, directly for tempera- 
tures of the bar: The collar in electrical connection with the 
bridge was placed on the short bar beside the hole already referred 
to, and which contained a thermometer bulb immersed in mercury. 
On each end of this bar, and insulated from the copper beneath by 
a layer of asbestos paper, were-wound several turns of iron wire, 
through which was passed an electric current. By suitably adjust- 
ing the resistance in series with the solenoid, the bar could thus 
be heated to any desired temperature.! Two sets of simultaneous 
readings of the thermometer and the bridge were then taken: first, 
when the bar was slowly rising in temperature; and second, when 
its temperature was allowed to slowly fall. From these observa- 
tions two curves were constructed with bridge readings as abscisse, 
and temperatures of the bar as ordinates. A curve which was the 
mean of these two curves was then drawn, and this was used in 
determining temperatures of the bar from the bridge readings. 
The calibration was for the range 50° C. to 200° C. 


Fig. 2. 


1 This method of heating has been employed quite extensively in the Cornell Physical 
Laboratory. See PHysICAL REVIEW, Vol. I., p. 144. 
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Ill. 
Determination of Data for the Statical Curve. 


The long bar was placed on non-conducting supports, in a room 
whose temperature was maintained very constant, and one end was 
wound with a solenoid of iron wire as above described; in 
this case three layers were used, insulated from each other by 
asbestos paper. In series with the solenoid were placed an am- 
meter and a variable resistance. It was assumed that if the 
current were constant, the heat supply at the end of the bar would 
be practically constant ; and so, in order to avoid the fluctuations 
of a dynamo current, the storage battery was used, and the current 
was maintained at the proper strength by adjusting the resistance. 
In order to prevent direct radiation from the solenoid and heated 
asbestos upon the copper coil of the collar, a screen was con- 
structed in the following manner: Two sheets of tin about 50 cm. 
square were taken, and after the edges of one sheet were turned 
up at right angles on three sides of the square, the other sheet of 
tin was soldered to the first, leaving a space of a little over a 
centimeter between the tin sheets. In the center of this double 
thickness of tin was cut out a rectangular aperture or tunnel (whose 
sides were closed with tin) just large enough to admit the insertion 
of the long bar without contact with the tin. This screen was 
placed in a suitable standard, which supported it in a vertical 
plane, with one end of the bar protruding through it far enough to 
admit of the winding of the heating solenoid. The space between 
the tin sheets was then filled with water of the temperature of the 
room, and was constantly renewed from a tube leading out of a 
large jar of water placed on a level above the upper edge of the 
screen. After circulating through the screen, it emptied into a 
receptacle placed on the floor of the room. In this way direct 
radiation was cut off, and the screen never reached a temperature 
above that of the surrounding air. 

After the bar had come to a statical temperature condition, as 
was shown by the collar in connection with the slide bridge, read- 
ings were taken on the latter, together with temperature of the 
surrounding air (which varied only about 2°), when the collar was 
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placed successively at the different divisions on the bar. Table I. 
gives the temperature excess of the bar over air at the different 
divisions on the bar, counted from a point near the water screen. 
These excesses are obtained by subtracting the air temperature from 
the temperatures taken from the calibration curve of the bridge. 


TABLE I. 
DATA FOR STATICAL CURVE. 


Distance from heated | Temperature excess | Distance from heated | Temperature excess of 
end in cm. of bar over air. end in cm. bar over air. 

0 144.2 50 65.0 
5 131.2 55 61.1 

10 120.4 60 58.0 

15 110.4 65 55.8 

20 101.6 70 53.5 

25 93.6 75 51.4 

30 85.8 80 50.3 

35 79.6 85 49.4 

40 74.0 90 48.7 

45 68.9 


STATICAL CURVE 
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From Table I. the curve in Fig. 3 was constructed. 
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IV. 
Determination of Data for Time Curve of Cooling of Long Bar. 


One of the great difficulties that have hitherto been encountered 
in obtaining these observations was that of heating the bar to a 
uniform temperature. ~A method employed in this case, and 
which proved satisfactory, was that of electric heating by means 
of a solenoid. The collar was first placed on the long bar near 
its center, and the latter was wound throughout its entire length 
with iron wire, whose turns were quite close together and insulated 
from the bar by asbestos paper. ~After the-collar indicated a 
temperature of about 25° above the highest temperature recorded 
in the statical experiment, the solenoid was quickly removed 
from the bar, and simultaneous observations of bridge readings, 
time, and temperature of the room were taken. - Table II: contains 
the data obtained from these observations, and from which the 
curve in Fig. 4 was constructed. 


TABLE II. 


DATA FOR TIME CURVE OF COOLING OF LONG BAR. 


Time Time 
min. sec. min, sec. 
0 52 155.6 20 2 92.8 
2 10 149.7 22 29 87.3 
3 143.7 81.8 
» 137.9 27. (52 76.4 
6 35 132.1 30 51 71.1 
8 12 126.5 ws 65.8 
9 57 120.9 37 44 60.5 
ll 43 115.3 41 38 55.2 
13 37 109.6 46 7 50.0 
15 38 104.0 50 0 45.9 
17 46 98.3 
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V. 
Deduction of Results. 


It now remains to construct, by aid of the two curves already 
drawn, the curve whose abscissz are distances from heated end, 


Taste III. 
DATA FOR INTEGRATION CURVE. 
Distance in cm. (.r) Tangents to cooling | Distance in cm. (+) Tangents to cooling 

from heated end curve —£2 from heated end curve —°” 
of bar. dt of bar. di 

0 0.0690 50 0.0260 

5 0.0598 55 0.0240 

10 0.0540 60 0.0220 

15 0.0490 65 0.0207 

20 0.0450 70 0.0200 

25 0.0396 75 0.0190 

30 0.0362 80 0.0187 

35 0.0325 85 0.0183 

40 0.0298 90 0.0178 

45 0.0278 92.12 0.0177 


* 
| 
170 
160 
150 
« 
130 
fe. 
100 
90 ~ 
| | 
40 
| 
Vo 
| | 


No. 6.] THERMAL CONDUCTIVITY OF COPPER. 421 


and whose ordinates are os This curve, for convenience, will 


be designated the “integration curve”; for the area, ¢ © de, is 


proportional to the quantity of heat radiated per second by the bar 
between the neutral end and x. The numbers in the second column 
of Table III. are obtained by taking tangents to the cooling curve at 
temperature excesses that are the same as those of the barat the 
different distances in column 1 when it was in the statical tem- 
perature condition. The statical curve shows this. The curve 
constructed from Table III., and shown in Fig. 5, was integrated in 
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parts by drawing it on a sufficiently large scale, so that consecutive 
small lengths of the curve deviated very little from a straight line. 
The area included between two ordinates, the 2-axis, and a small 
length of the curve, could then be easily obtained, and by adding 
together such consecutive areas, the area between any ordinate 
and the end of the bar can be easily obtained. In Table IV. the 
lower limit of integration x in column 2 is the same # as in column 
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1, and a represents the total length of the bar from the assumed 
origin near the heated end. To each of the areas in column 2 has 
been added the area that corresponds to the heat radiated per 
second from the face end of the bar. The numbers of column 3 are 


TABLE IV. 


DATA FOR CURVE OF CONDUCTIVITY (4). 


Distance on d Tang. 

80 0.232 0.211 74.0 0.914 
70 0.425 0.385 77.2 0.920 
60 0.634 0.550 81.8 0.963 
50 0.871 0.768 88.2 0.952 
40 1.149 1.06 97.3 0.915 
35 1.306 1.21 103.1 0.915 
30 1.478 1.35 109.5 0.932 
25 1.668 1.51 116.9 0.945 
20 1.878 1.71 124.9 0.944 
15 2.111 1.88 133.8 0.971 
10 2.369 2.05 143.6 1.006 

5 2.656 2.32 154.6 1.004 

0 2.979 2.57 166.8 1.024 


the tangents to the statical curve corresponding respectively to dis- 
tances in column 1. The temperatures in the fourth column are 
obtained by adding to the temperature excess of the bar the tem- 
perature of the room at the time of the statical experiment. The 
values of X are then computed from equation (1); that is, dividing 
column 2 by column 3 and multiplying by SD. But since both 
specific heat and density are functions of temperature, cognizance 
must be taken of this change. Most writers give the average value 
of S for copper between 0° and 100° as 0.093, and this coincided 
with a determination made by Shepard! on the same specimen of 
copper that was used in this ‘investigation. Moreover, as this 
corresponds to the value given by Béde’s formula 


S, =0.0892(I +0.00073 2), 


1Thesis, Physical Properties of Copper, Library of Cornell University. 
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the value of S was obtained from the above in computing absolute 
values of XK. Density also varies with temperature, but as the 
5.cm. divisions were marked on the bar itself, a small error in 
measurement would be introduced, owing to linear expansion of 
the bar. Therefore in order to correct for this, instead of using 
D,, we use Djs - Dog! where D,, is the density at the temperature 
at which the bar was marked. Now the writers obtained 8.86 for 
the value of density of the bar at a temperature of 4°C., which, 
combined with the temperature factor (I —0.000056 #) as deter- 
mined by R. W. Stewart,! gives 


D,=8.862(1 —0.000056 #). 


Using the values of specific heat and density as given above, 
the values of A were computed at the different temperatures, 
showing an increase in conductivity as temperature increases 
through the range 70° to 170°. This result will be shown graphi- 
cally in Part II., which gives:the result of the investigation on 
conductivity at low temperatures. 


1 Proc. Roy. Soc. London, V. 53, p. 151, 1893. ; 
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ON THE ABSORPTION OF CERTAIN CRYSTALS IN 
THE INFRA-RED AS DEPENDENT ON THE 
DIRECTION OF THE PLANE OF POLARIZATION. 


By ERNEST MERRITY. 


HE fact that many doubly refracting crystals show different 
absorbing powers for the ordinary and extraordinary rays 
was doubtless first brought to the attention of physicists by the 
behavior of turmalin. This substance, in fact, exhibits the phe- 
nomena of dichroism in an unusually marked degree, for in speci- 
mens of suitable thickness the ordinary ray may often be completely 
suppressed, while the extraordinary ray is still transmitted in con- 
siderable intensity. A turmalin plate may thus be employed as a 
polarizér, and on account of their simplicity such plates have long 
been used for this purpose in elementary lectures on polarized 
light. 

Turmalin, however, is by no means the only crystal that exhibits 
dichroism. Investigations of the absorbing power of doubly- 
refracting crystals by Brewster,! Haidinger? and others have 
shown that a more or less unequal transmission of the ordinary 
and extraordinary rays may be observed in almost all cases, 
although the phenomenon is rarely so marked as in the case of 
turmalin. The absorption of one ray, or in some cases of both 
rays, is often selective, thus leading to a difference in color between 
the two transmitted rays. It is to this effect that the phenomenon 
owes its name. Dichroism in the sense of an unequal transmission 
of the two polarized rays is often present, however, even when no 
color difference can be observed. Iceland spar, for example, 
although colorless and apparently quite transparent to both rays, 
has been*found to transmit the extraordinary ray more readily 


1 Edinburgh Philosophical Journal, 4, 348. 
? Poggendorff’s Annalen, 65, 1; also 86, 131, etc. 
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than the ordinary ray, the difference being about 4 per cent 
throughout the visible spectrum. 

A theory of the absorption of light in dichroic crystals has been 
developed by Voigt,’ by whom a quantitative relation has also been 
deduced between the coefficient of absorption and the direction of 
propagation. Qualitative observations by Becquerel? are in the 
main in accord with the predictions of this theory. Chief among 
the results of these experiments may be mentioned the establish- 
ment of the law that absorption is dependent only upon, the 
direction of vibration, and not upon the direction of propagation. 
Investigations bearing upon the quantitative relation between the 
coefficient of absorption and the direction of vibration have been 
undertaken by Becquerel,® Schwebel,* Carvallo,® and others. The 
results are, however, not numerous, and are in some cases con- 
tradictory, so that they cannot be looked upon as affording a satis- 
factory solution of the problem. 

It is because of its bearing upon the general theory of double 
refraction that the subject of crystalline absorption appears most 
interesting and important. It seems natural to expect that the 
intimate relation which has been found to exist between absorption 
on the one hand, and refraction and dispersion on the other, should 
be present in the case of doubly refracting crystals, as well as 
in the case of isotropic substances. If this is true, the fact that 
the two polarized rays are refracted and dispersed in different 
degrees would in itself be an indication that they are unequally 
absorbed. In other words, we should expect a// doubly refracting 
crystals to exhibit dichroism. The fact that many crystals are 
known which appear to be equally transparent to the ordinary and 
extraordinary rays, cannot be looked upon as proving that this con- 
clusion is false; for the investigations of dichroism which have so 
far been made have extended only to the region of the visible spec- 
trum. The behavior of crystals in the ultra-violet and infra-red is 
at present entirely unknown, and it seems not improbable that a 


1 Nachrichten der Gesellschaft der Wissenschaft zu Gottingen, 1884, p. 337. Wiede- 
mann’s Annalen, 23, 557. 

2 Annales de Chimie et de Physique (6), 14, 170. 8l.c. 

‘ Zeitschrift fiir Krystallographie, 7, 153. 5 Comptes Rendus, 114, 661. 
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selective absorption of the two rays may really occur, even when 
no dichroism is observable in the visible region. An extension of 
our knowledge of crystalline absorption throughout a wide range 
of wave-lengths is therefore desirable. Such data, in connection 
with a knowledge of the law of dispersion, would afford a means 
of testing the theories advanced by Kelvin, Helmholtz, Ketteler 
and others, and might throw light not only upon-the subject of 
double refraction, but also upon the question of the physical 
structure of crystals. 

It was with this thought that the following investigation of 
dichroism in the infra-red was begun. The subject was suggested 
by Professor Kundt, whose illness and death, almost before the 
investigation had been begun, deprived the writer of that stimu- 
lating interest and timely advice which all who have worked 
with Professor Kundt have found so valuable. The experimental 
work was carried on in the Physical Institute of the University of 
Berlin, where every facility’ was afforded the writer by those in 
charge. I wish especially to acknowledge’ my indebtedness to 
Dr. Rubens, whose wide experience in bolometric work made his 
kind advice and assistance of the greatest value. 


METHODS AND APPARATUS. 


In the following investigation uniaxial crystals only have been 
studied, and the absorption has been determined for the two 
principal directions of vibration: viz., parallel and perpendicular, 
respectively, to the optic axis. For this purpose plates were 
obtained of the crystals to be studied, ranging in thickness from 
I mm. to § mm., the plates being cut in most cases parallel to the 
optic axis. With the aid of a spectro-bolometer the absorption of 
these plates was measured in the usual manner. By using polar- 
ized light, so as to be able to cut off at pleasure either the ordinary 
or extraordinary ray, it was possible to determine the absorption 
for each direction of vibration. 

A diagram of the apparatus as first arranged is shown in Fig. 1. 
Rays from the intense zirconium lamp Z fell upon the rock-salt 
condensing lens Z, and after reflection at the polarizer P were 
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brought to a focus on the slit of the spectrometer. The polarizer 
consisted of four sheets of glass, the thickness of each sheet being 
about 0.1 mm. It was set at the proper angle for maximum polari- 


Fig. 1. 


zation with the aid of a nicol,.and gave almost complete polariza- 
tion for all visible rays. As will be shown later its action on the 
infra-red rays was equally satisfactory. 

The lenses as well as the prism of the spectrometer were of 
fluorite, the aperture of the former being 2.5 cm. A linear bolom- 
eter was mounted at # in place of. the cross-hair of the observing 
telescope. The bolometer first used consisted of several thin 
strips of iron mounted side by side and connected in series, the 
combined resistance being about 3 ohms. The width of this 
instrument, expressed in angular. measure, was about 10’. The 
remaining arms of the bolometer bridge were made of German 
silver, and were protected from sudden temperature changes. 
Connections in the bridge circuit proper were in most cases made 
by soldering ; where this was impossible the joint was carefully 
wrapped with several layers of cotton.to prevent sudden variations 
of temperature. It was found that this precaution could in no 
case be neglected... The writer was fortunate in securing for use 
with the bolometer the extremely sensitive galvanometer which 
was constructed by Professor Snow some years since, and which 
has already been described in these pages.! 

In making observations the method of procedure was as follows : 
The plate of crystal to be tested was placed in front of the slit at 
C, the optic axis being vertical, and the throw of the galvanometer 
was observed on removing the screen S. The crystal was now 
removed so that rays:from the lamp would no longer have to pass 
through it, and the throw of the galvanometer was again noted. 
The ratio of the first throw to the second was then taken as the 


1 PuysIcCAL REVIEW, 1, 28. 
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percentage transmission for the extraordinary ray. To guard 
against errors due to unsteadiness in the galvanometer, and other 
irregularities, each observation was usually repeated from five to 
twenty times, readings being taken alternately through the crystal 
and with the latter removed. In all cases the first throw of the 
galvanometer was used, instead of waiting for the needle to come 
to rest; in fact, the unsteadiness of the galvanometer made it 
impossible to observe otherwise. The use of the first throw in 
such cases is however fully justified, since, as the writer has 
shown in a previous article,’ it is strictly proportional to the 
energy absorbed by the bolometer wire. By placing the crystal 
with its optic axis horizontal, determinations could be made for 
the ordinary ray. 

In computing wave-lengths the values recently found by 
Rubens? for the indices of refraction of fluorite were used. The 
prism was set each day in the position of minimum deviation for 
sodium light and was then left unaltered. Although the computa- 
tions were made slightly more complicated by this arrangement, it 
was found more convenient, with the apparatus at hand, than to 
work always at the position of minimum deviation for the par- 
ticular ray studied. 

A highly satisfactory sensitiveness was reached with this appa- 
ratus in spite of the very considerable loss of energy at the 
polarizer. This loss was certainly in excess of 70 percent. To 
this must be added a loss of fully 15 per cent due to reflection at 
the two faces of the prism.* In the case of polarized rays, the loss 
at the prism is twice as great as it would be with ordinary light, 
for the prism tends to polarize the rays refracted through it in 
the vertical plane, while the plane of polarization of the rays enter- 
ing the slit is horizontal. It will readily be seen that when 
observations are to be made in the extreme infra-red, these losses 
become the source of serious difficulty. 

With the apparatus described observations were made on Ice- 
land spar and quartz, the transmission curves for each being deter- 


1 American Journal of Science, xli., 417. 
2 Wiedemann’s Annalen, 51, 381. 
3 du Bois and Rubens, Wiedemann’s Annalen, 49, 593. 
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mined out to A=4mu. On plotting these curves and comparing 
them, indications were however found of some serious error. 
Each curve showed somewhere between A=2 and A=4 a rapid 
increase of absorption, followed in each case by a gradual decrease. 
The curves were strikingly similar, a fact which seemed to the 
writer sufficiently remarkable to warrant investigation. 

The first explanation that suggested itself was that reflection 
might be taking place from the tubes of the collimator and tele- 
scope, so that the spectrum at the bolometer was rendered impure. 
In this case the bolometer would receive not only the rays proper 
to its position in the spectrum, but also diffuse rays of all wave- 
lengths, due to irregular reflection from the tubes of the telescope. 


/ \ PRISMATIC ENERGY SPECTRUM 


Fig. 2. 


VISIBLE | 


The fact that the field of the spectrometer was never entirely dark, 
even when the telescope was placed far beyond the region of the 
visible spectrum, seemed to support this explanation of the diffi- 
culty, for any cause which would produce an irregular scattering 
of the visible rays would probably bring about the same effect in 
the case of those that are invisible. The rays that are most 
important in causing errors are probably those whose wave-lengths 
lie between 1.0 w and 2.0 yw, since it is in this region that the 
spectrum of the zirconium lamp is most intense. As will be seen 
by Fig. 2, which represents the distribution of energy throughout 
the prismatic spectrum, the intensity at X=1.5 w is about seven 
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times as great as at X=3.5 w,and beyond. It is clear that if only a 


small proportion of these intense rays were for any reason irregu- 


larly reflected or scattered, so as to fall upon the bolometer wire 
when'in a position where the energy of the true spectrum is small, 
serious errors might result. A little consideration shows also that 
the effect in all such cases would be to make the apparent per- 
centage transmission approach the value which corresponds to the 
wave-length of the more intense rays: viz., A=1.§ 4. In the case 
of Iceland spar and quartz, whose absorption in this region is only 
slight, the effect would therefore be to increase the apparent trans- 
mission, and this effect would be more marked in the case of the 
longer wave-lengths. It will thus be seen that the assumption of 
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some cause which will bring about a scattering of the more intense 
rays, affords a satisfactory explanation of the peculiar form 
observed in the transmission curves. The importance of this 
source of error is well brought out in Fig. 3. The upper curve 
in this figure shows the percentage transmission for Iceland spar 
(ordinary ray) as first determined, while the lower curve represents 
the curve obtained after the error had been eliminated.! 

Under the impression that the evident impurity of the spectrum 
was chiefly due to irregular reflection in the telescope and collima- 
tor, elaborate precautions were taken to .prevent such reflection. 
With this object the tubes were thoroughly coated with lamp- 
black, while numerous screens were so placed as to make it practi- 


1 The difference between the two curves is doubtless due in part also to the fact that 
a much narrower bolometer was used in making the observations shown in curve II. 
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cally impossible for reflected rays to reach the bolometer. The 
transmission curve for Iceland spar was now redetermined.. In 
this set of observations especial precautions were taken to adjust 
the focus of the fluorite lenses for each different wave-length. 
The lack of achromatism of such lenses, as has been pointed out 
by Rubens and Paschen, becomes quite marked beyond A=1 y, and 
is in itself a possible source of serious error. The very property 
of fluorite which renders it invaluable in the construction of prisms 
for work in the infra-red, makes it quite unsuited as a material for 


lenses. 


The results of this second set of observations showed a partial 
elimination of diffuse rays, the transmission curve taking a course 
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intermediate between the two curves of Fig. 3. It seemed however 
questionable whether the error was entirely removed. The possi- 
bility of a slight scattering of the rays at the surface of the lenses 
and prism still remained, and the fact that a faint illumination of 
the field of the telescope was still to be observed in the infra-red, 
was, in fact, conclusive in showing that such diffuse rays were 
present. After an unsuccessful attempt to find some substance 
that would absorb the intense rays lying between A=1 and A=2 
and so eliminate the error, the following method was. devised, by 
which satisfactory results were finally obtained. 
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A rather broad slit was mounted immediately in front of the 
lamp, and by means of a second prism a spectrum was thrown 
upon the slit of the spectrometer. The length of this spec- 
trum being much greater than the width of the slit, only a 
small fraction of the rays from the source could enter the spectrom- 
eter. By suitable adjustment it was thus possible to illuminate 
the slit with rays of any wave-length desired, while all other rays 
were excluded. The energy spectrum under these circumstances 
assumed a form similar to that shown in Fig. 4. In making 
observations at X=2.5, and beyond, rays from the more intense 
region of the spectrum did not even enter the spectrometer, so 
that errors due to diffuse rays were impossible. 

Although the arrangement of the apparatus just described gave 
satisfactory results, it was inconvenient on account of the difficulty 
of proper adjustment. After sufficient trial to show its efficiency, 


Fig. 5. 


it was therefore abandoned, and the whole apparatus was recon- 
structed and arranged as shown in Fig. 5. Instead of fluorite 
lenses, whose disadvantages have already been referred to, concave 
mirrors were employed. (J/,, J, Fig. 5.) The two lenses were 
now used in constructing a new spectrometer, which was placed 
before the collimator of the spectrometer proper. Rays from the 
zirconium lamp, after passing through a rock-salt lens at Z, were 
reflected by the polarizer P so as to converge upon the slit of the 
first spectrometer. The spectrum formed by this instrument fell 
upon the slit of the second spectrometer at s,. The crystal to be 
tested was placed in front of the first slit, while the screen S stood 
immediately back of the condensing lens. In some preliminary 
observations the crystal was placed at sg, but it was soon found 
that this arrangement was likely to introduce errors. If the 
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crystal was not exactly perpendicular to the axis of the collimator 
tube, a slight displacement of the spectrum was produced, so that 
the group of rays entering the slit through the crystal was not the 
same as that received when the crystal was removed. The effect 
was to alter the apparent transmission, often in a marked degree. 
In one case, for example, the result was somewhat startling, the 
percentage transmission being apparently greater than 100! It 
should be mentioned that such errors cannot occur when the 
crystal is placed in front of s,, provided the slit is completely 
covered by the image of the source. In this case the effect of 
setting the crystal in an oblique position would merely be to 
slightly increase the thickness of the absorbing layer. 

The arrangement of apparatus shown in Fig. 5 was found in all 
respects satisfactory, the adjustments being simple and convenient. 
It was used throughout the observations which follow. 

It may be mentioned here that the cause of the diffuse rays 
which had made the adoption of this form of apparatus necessary, 
was finally traced to the prism itself. On using the mirror spec- 
trometer in the ordinary way, the field of the telescope remained 
as brightly illuminated as before, and the transmission curve 
for Iceland spar showed the same form as that previously 
obtained. Yet the fine character of the mirror surface made it 
highly improbable that any scattering of the reflected rays could 
occur there, while the tubes of the instrument, which were quite 
short, were blackened and screened in such a way as to render 
diffuse reflection from their inner surface impossible. The mirrors 
were of thick glass silvered by electric deposition 7# vacuo. The 
surface obtained in this way was excellent, being practically invisi- 
ble even when illuminated by the brilliant rays of the zirconium 
lamp. It would thus appear that the diffuse rays, to which reference 
has so frequently been made, must be ascribed almost wholly to the 
prism. The prism used, while not perfectly pure, was still a fairly 
good specimen of fluorite. But even when all visible imperfec- 
tions were covered, the error still remained. In the opinion of the 
writer the fault is one which is common to all prisms, even when 
not so obvious as in the case here cited. Even with the best glass 
the effect is present to some small extent, for the field beyond the 
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visible spectrum is rarely entirely dark. The effect may be due 
either to the unavoidable imperfections of the polished surfaces, 
or to repeated reflection inside the prism. The latter cause 
would doubtless be especially important when the angle of 
the prism differs only slightly from 60°. It is because of the 
serious character of the error introduced, and the difficulty in its 
detection, that I have described so in detail the preliminary experi- 
ments which led to its removal. 


OBSERVATIONS AND RESULTs. 


In the course of this investigation three crystals were tested, 
viz., Iceland spar, quartz, and turmalin. The two transmission 
curves were determined first, in each case, by the use of polarized 
rays, as described above, the specimens being cut parallel to the 
optic axis. As a check upon the results, the polarizer was then 
removed and the transmission curves determined for unpolarized 
rays. To eliminate the error due to the polarizing action of the 
two prisms, the specimen was placed during this determination 
with its axis at an angle of 45° with the vertical. By removing 
the polarizer and using the direct rays of the lamp, the energy 
available at the bolometer was greatly increased, so that the curves 
of average transmission are probably more reliable than the other 
two. The fact that in all cases they lie almost midway between 
the curves obtained for the two polarized rays, serves as a very 
satisfactory check on the accuracy of the original determinations. 
Still another check on the results was obtained in the case of Ice- 
land spar and quartz by using plates cut perpendicular to the optic 
axis. In this case also the direct unpolarized rays of the lamp 
were used. 

A more detailed statement of the results is given below. 


Iceland Spar. 


Plate A, parallel to the axis; thickness =2.99 mm. 

Plate 2, perpendicular to the axis; thickness=1.98 mm. 

Observations were first made with plate A as above described, 
the bolometer used being 11’ wide. In the case of the ordinary 


| 
| 
i 
— 
| 
! 
} 
mi) 
| 
q 
d 
= 
| 
: 
| 
4 
{ 
} 
23 
4 
| 
| 
: 
| 


No. 6.] CRYSTALLINE ABSORPTION. 435 


ray indications were found of absorption bands in the neighbor- 
hood of A=2.4m and A=2.7y. The bolometer was, however, too 
broad to admit of an accurate location of the bands. A narrower 
bolometer was therefore substituted, the new instrument having a 
width of about 3'.5. This thoroughly excellent bolometer was 
kindly loaned to me by Dr. Rubens. It was slightly bent to cor- 
respond to the curvature of the spectral lines, and in spite of its 
small surface showed almost the same sensitiveness as the broad 
bolometer first used. Its resistance was about 15 ohms. The 
region lying between A=2.0y and A=3.0y was very thoroughly 
investigated with this instrument, with the result that two sharp 
absorption bands were found, as shown in Fig. 1 (Plate I.) curve O, 
at AX=2.44 and \=2.74 respectively. Beyond \=3.0y the absorp- 
tion of the ordinary ray was so great that determinations made 
with plate A were untrustworthy. The portion of curve O lying 
between \= 3.0 and A=5.5 was afterwards located by observations 
on plate 2. 

In determining the transmission curve for the extraordinary ray 
(curve /, Fig. 1), the narrow bolometer was used out to A=4.0 pw. 
Beyond this point the energy of the spectrum was so small that it 
was found necessary to substitute a broader wire. In the deter- 
mination of the transmission curve for unpolarized rays (curve A), 
the narrow bolometer was used throughout. 

In Fig. 3 are shown the results obtained with plate PB (per- 
pendicular to the optic axis). The resemblance between this curve 
and that previously obtained for the ordinary ray is obvious, 
although the fact that the thickness was different prevents a 
perfect agreement. The dotted portion of curve O, Fig. I, was 
computed from these observations, the difference in thickness 
being taken into account. 

The results plotted in Fig. 1 exhibit in striking form the com- 
plete independence of the two transmission curves. No indication 
can be found that the form of one curve is in the least influenced 
by that of the other. The absorption bands at \=2.44, \=2.74, 
afford perhaps the severest test of this conclusion. In the neigh- 
borhood of these bands the absorption of the extraordinary ray 
was determined with the greatest care, but no increase in absorp- 
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tion could be detected. This complete independence of the two 
curves offers also convincing proof of the practically complete 
polarization of the rays entering the spectrometer. A deviation 
of 2 per cent from complete polarization would certainly have 
been detected by a depression in curve £ at X=2.5. 

It will be seen that the absorption of the ordinary ray at X\=3.3 
is almost complete, while for the same wave-length 60 per cent of 
the extraordinary ray is transmitted. At this particular wave- 
length, therefore, Iceland spar has the same property as is pos- 
sessed in the visible spectrum by turmalin. A plate parallel to 
the axis should act as a polarizer, while two plates placed with 
their axes crossed should suppress the rays of this wave-length 
entirely. This conclusion was verified by experiment. 

In order to bring the results into a form which should be inde- 
pendent of the thickness of the specimens used, the coefficient of 
extinction has been computed for each of the two transmission 
curves. If the intensities of the incident and transmitted rays be 
represented by J, and /, respectively, while the intensity of the 
rays reflected from the first surface is put equal to v/,, then 

1,=1,(1-2 r+...) 
where / represents the thickness of the absorbing layer. The 
value of the coefficient of extinction / is therefore 
I I. 
log. i, 

Terms in higher powers of r may be neglected, since in no case 
did r exceed 0.06. For the region of the visible spectrum 7 was 
computed by the use of Fresnel’s formula from the index of 
refraction, and this value was then used for computations in the 
infra-red. A small error is here introduced by the assumption 
that ry remains unchanged. Since, however, the correction for 
reflection was in all cases of only small importance, the influence 
of this error on the result cannot be great. 

The values of # computed in the manner indicated are given in 
Table I! The centimeter has been used as unit of thickness (7). 


1 Only a small portion of the observations have been included in this table. But the 
data given have been selected so as to show the more important features of the curves in 
question. The same statement applies to Tables II. and III. 
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TABLE I. 
ICELAND SPAR. 
Ordinary Ray. Extraordinary Ray. 

_| Observed Absorption _| Observed Absorption 
1.02 u 90.5 %, 0.0 0.0% | 1.02 94.0, 0.0 0.0% 
1.25 89.6 0.0 0.0 1.27 91.7 0.0 0.0 
1.45 88.9 0.0 0.0 1.80 91.7 0.0 0.0 
1.72 88.0 0.033 0.2 2.15 92.0 00 0.0 
2.07 85.5 0.13 1.0 2.49 89.0 0.14 1.0 
2.11 71.0 0.74 7.0 2.87 90.4 0.08 0.5 
2.30 50.0 1.92 17.3 3.00 81.5 0.43 4.0 
2.44 36.4 3.00 25.7 3.28 62.5 1.32 12.2 
2.53 50.0 1.92 17.3 3.38 71.0 0.89 8.2 
2.60 62.0 1.21 11.2 3.59 54.5 1.79 16.0 
2.65 53.0 1.74 15.7 3.76 50.3 2.04 18.4 
2.74 44.2 2.36 21.0 3.90 65.3 1.17 10.8 
2.83 60.0 1.32 12.4 4.02 71.0 0.89 8.2 
2.90 72.0 0.70 6.6 4.41 67.2 1.07 10.0 
2.95 52.0 1.80 16.2 4.67 45.5 2.40 21.7 
3.04 21.5 4.71 37.4 4.91 64.0 1.25 11.5 
3.30* 0.5 22.7 90.0 5.04 49.0 2.13 19.2 
3.47 1.7 19.4 86.0 5.34 24.5 441 35.0 
3.62 13.6 96 61.0 5.50 2.0 12.8 73.0 
3.80 2.2 18.6 84.0 
3.98 0.0 100.0 
4.35 24.3 6.6 48.0 
4.52 5.2 14.3 76.0 
4.66 8.7 11.6 68.0 
4.83 27.0 6.1 45.0 
4.96 29.3 5.5 42.0 
5.25 19.0 8.0 55.0 


* For this position and those which follow, plate B was used. 


In the fourth column of the same table are given values of the 
percentage transmission in the case of a plate 1 mm. thick. 


Quarts. 


Plate A, parallel to the optic axis; thickness 
Plate B, perpendicular to the optic axis; thickness 


= 3.02 mm. 


= 3.91 mm. 
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The results obtained in the case of quartz are shown in Fig. 2, 
Plate I. It will be seen that the curves for the ordinary and 
extraordinary ray exhibit no striking differences in the region 
covered by these experiments. Yet the two curves are not identi- 
cal, and the variations shown in the figure are in most cases 
greater than could be accounted for by errors of observation. 


TABLE II. 
QUARTZ. 


Ordinary Ray. Extraordinary Ray. 

| 

Observed Absorption Observed Absorption 

length. |, percentage | # forpiate, | |, percentage | for plate, 
0.80 u 912% | 00 | 0.0% | 0S0u 94.0%, | 0.0 0.0 %, 
1.26 91.4 | 0.0 0.0 1.34 92.8 0.0 0.0 
1.51 91.8 0.0 0.0 1.55 928 0.0 0.0 
1.80 91.1 | 0.0 0.0 1.81 91.5 0.0 0.0 
2.05 91.2 | 00 0.0 2.22 91.0 0.0 0.0 
2.50 91.7 | 00 0.0 2.50 89.8 0.0 00 
2.67 91.6 00 0.0 2.78 88.5 0.0 0.0 
2.72 84.0* | 0.198 16 2.89 87.8 0.11 1.0 
2.83 75.5* | 0.474 4.3 3.00 82.3 0.33 3.2 
2.95 72.5* | 0573 5.4 3.08 84.0 0.26 2.4 
3.07 | 80.0* | 0.315 3.0 3.26 87.9 0.11 1.0 
3.17 84.0* 0.198 16 3.43 778 0.51 4.8 
3.38 85.6* | 0.153 13 3.52 71.9 0.76 7.3 
3.67 55.5* 1.26 11.5 3.59 51.3 1.88 16.8 
3.82 48.5* | 1.61 14.6 3.64 52.2 1.83 16.5 
3.96 41.0* | 2.04 18.3 3.73 56.0 1.62 14.6 
4.12 24.0* | 341 29.0 3.91 48.6 2.22 10.2 
4.50 10.0 | 7.30 51.5 4.19 33.6 3.35 28.3 
4.36 7.9 8.02 55.0 


* Observations marked with a star were made with plate B cut perpendicular to the 
axis. 


At A=2.9 the variation is especially noticeable. This region was 
studied with especial care, as many as twenty observations being 


frequently made in locating a single point. The absorption band 
in curve O, while not sharp, is still perfectly definite, and does not 
occur in the curve for the extraordinary ray. In the latter 
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curve some trace of selective absorption is shown, however, at 
XA=3.0. It seems not improbable that experiments with a thicker 
plate might bring out these bands more prominently. 

The results obtained with plate #2 are shown in Fig. 3 and are 
in good agreement with curve O, Fig. 2. These observations give 
a wave-length of 2.95 w for the absorption band instead of 2.90 4. 
On account of the breadth and indistinctness of the band the data 
appear insufficient to determine which result is correct. 

Values of the coefficient of extinction have been computed as 
in the case of Iceland spar, and are given in Table II. 


Turmalin. 


Plate A, parallel to the optic axis; thickness = 2.22 mm. 

The plate of turmalin used was an unusually fine specimen of 
the green Brazilian variety, quite transparent and free from flaws. 
The suppression of the ordinary ray was practically complete 


TABLE ITI. 


TURMALIN. 


Ordinary Ray. Extraordinary Ray. 

Observed | Absorption _| Observed Absorption 
1172} 0.0% | 100.0% |0.759u 11.5% | 9.20 | 60 % 
1.34 35 14.6 77.0 0.885 23.0 6.17 46 
1.54 13.5 8.6 57.0 100 | 14.5 8.30 56 
1.73 34.0 4.45 36.0 1.25 6.0 12.1 70 
1.94 | 52.5 2.43 21.0 1.50 23.0 | 6.17 46 
2.09 44.0 3.24 27.5 1.76 59.0 | 1.91 17 
2.30 27.5 5.30 41.0 1.89 66.0 | 1.40 13 
2.40 26.0 5.50 42.0 2.04 62.0 | 1.68 15 
2.50 29.0 5.08 | 40.0 2.23 39.0 3.78 31 
2.76 9.0 10.3 | 63.0 2.40 . 12.0 9.1 60 
2.83 | 7.0 11.4 67.0 2.76 2.0 16.6 8l 
2.88 15.0 8.05 | 55.0 3.04 6.0 12.1 70 
3.20 | 26.0 5.50 | 42.0 3.32 18.0 7.40 52 
3.53 | 12.5 8.97 | 59.0 3.94 | 15.0 8.05 55 
3.93 0.5 20.1 86.0 
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throughout the visible spectrum. As will be seen in Fig. 4 
(curve QO) it is not until a wave-length of 1.34 is reached that 
this ray begins to be transmitted in measurable amount. One 
absorption band occurs in the case of the ordinary ray at 
X=2.82 pw, but with this exception both curves are smooth. The 
band indicated in curve & at X=1.68 depends upon a single 
observation, so that its existence cannot be looked upon as 
definitely proven. The check afforded by the transmission curve 
for unpolarized light (curve A) is at most points quite satis- 
factory. 

By far the most interesting point in connection with the results 
obtained for turmalin is the fact that the two transmission curves 
intersect. There are, in fact, two intersections, one at \=2.30 and 
the other at A=3.48. In the region lying between these points 
the dichroism is reversed: z.¢., the ordinary ray is transmitted, 
while the extraordinary ray is nearly suppressed. 

Values of the extinction coefficient for turmalin are given in 
Table III. 


SUMMARY OF RESULTs. 


The chief results of the foregoing investigation may be sum- 
marized as follows :— 


1. Observations extending to A=4.5 w in the case of quartz and 
turmalin, and to X=5.5 4 in the case of Iceland spar, show that 
the absorption of polarized rays is greatly influenced by the 
direction of the plane of polarization in all three crystals. The 
transmission curves for the ordinary and extraordinary rays 
appear, in fact, to be entirely independent of one another. The 
difference between the two curves is most marked in the case of 
Iceland spar and turmalin. 

2. Absorption bands were found in the infra-red transmission 
spectra as follows :— 


Iceland spar.— Ordinary ray: A=2.44m and A=2.74p. These 
bands are quite sharp. Broad bands are shown at A\=3.3 pm, 
4.0 pw, and 4.6 p. 
Extraordinary ray : mw, 3.75 and 4.66 
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Quarts. — Ordinary ray: X=2.90p. 
Extraordinary ray: \=3.00y4. Neither band is very sharp. 


Turmalin. — Ordinary ray: \=2.82 p. 


3. In the case of turmalin the transmission curves intersect at 
two points: viz., at A=2.30u and A=3.48 pw. 

4. Determinations of percentage transmission in the infra-red 
are shown to be liable to error on account of a slight scattering of 
the rays on passing through the prism. An impure spectrum 
results from the presence of these diffuse rays, which may lead to 
serious error at points beyond A=2.5m4. Such errors may be 
avoided without great loss of sensitiveness by using two spec- 
trometers, one of which throws its spectrum upon the slit of 
the other. 
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RESONANCE IN TRANSFORMER CIRCUITS. 
By FREDERICK BEDELL AND ALBERT C, CREHORE. 


HE reactive action of a condenser in an alternating-current 

circuit produces effects of theoretical interest and practical 
importance. The resultant observed phenomena under different 
conditions of operation are many and various; but under what- 
ever particular sets of conditions the condenser is used, the effects 
produced are closely correlated, and may be grouped together in 
one class. Electrical resonance is one of the striking phenomena 
of this class. In a single circuit, resonance is obtained when, 
inductance and capacity being present, the resultant reactance is 
zero; that is, the reactance of the condenser is exactly equal and 
opposite to the reactance due to self-induction. The natural 
period of the circuit then equals the period of the impressed 
electromotive force. Complete resonance is thus obtained only 
when the impressed electromotive force varies harmonically. 

Effects corresponding to resonance in a single circuit may be 
produced by the reactive influence of one circuit upon another, 
occasioned by the mutual induction of the two circuits. Such 
effects have been discussed by Dr. M. I. Pupin,! who treats the 
case of a transformer containing a condenser in the secondary 
circuit ; to this class of phenomena he gives the name “electrical 
consonance.” Additional discussion of the same subject has been 
given by Mr. C. P. Steinmetz.? 

Resonance, in this case, occurs when the relation between the 
primary and secondary is such that.the apparent reactance of the 
primary circuit is zero. The elastic influence of the condenser 
is transferred from one circuit to the other, on account of their 
mutual relationship, and the natural period of the primary circuit 


1 Electrical Consonance: M. I. Pupin, Electrical World, Feb. 9, 1895. 
2 Electrical World, March 2, 1895. 
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depends not only upon the value of its own constants, but upon 
those of the secondary as well. There is a surging of energy back 
and forth between the primary circuit and the secondary con- 
denser, by intervention of their common magnetic field : the period 
of these surgings determines the period of the system. A con- 
denser in either primary or secondary circuit may give rise to such 
oscillations. 

In the general sense of resonance, the case here described would 
be a particular case, but for distinction we may apply the term 
“simple resongnce”’ to the phenomena observed in a single circuit, 
the term “congonance,” suggested by Dr. Pupin, being used when 
the resonant action: is transferred from one circuit to another 
by the mutually inductive influence between them. 

The conditions necessary for consonance, although not so simple 
as those for simple resonance, are definite, and may be readily 
determined. These are in part discussed in the papers already 
referred to. We have had occasion to investigate the action of 
condensers with transformers, and to 


develop their general theory, interpret- f, 
ing the results both analytically and ¢, G 
graphically. The application of this E£ 
general treatment to the case of reso- «eM VL, 
nance or consonance throws light upon Lis - 7 
the nature of the phenomena, and brings I 

out certain important relations. With Fig. 1 


these results many of the conclusions 
of Dr. Pupin agree, but not so some of 

his deductions, — particularly the statement of the conditions under 
which consondnce occurs; namely, when the apparent impedance 
of the primary circuit is either a maximum or a minimum, To 
make our discussion complete, we may be pardoned, therefore, if 
we touch upon some ground in part covered before. 

Problems of this nature are usually capable of two essentially 
different modes of treatment, leading to identical results: first, the 
general analytical treatment; second, the synthetical graphical 
treatment. Which to use is a matter of preference. It is a 
choice of which way to go around a block; one way or the other 


é 
| 
| 
| 
q 


444 FREDERICK BEDELL AND ALBERT C. CREHORE. [Vot. Il. 


may be shorter, but the same point is reached by either route. 
These methods are well illustrated in the present instance. In 
the study of resonance and consonance the graphical method is 
the more direct. It is replete with obvious conclusions, and at 
once brings out relations not simply shown by analytics. 

After a brief analytical treatment we will pass to the graphical. 


Analytical Treatment. 
Let us use the following notation :— 


/,=primary current. 
#,=resistance of the primary circuit. 
Z,=self-induction of the primary circuit. 
C,=capacity of the primary circuit. 
K,=reactance of the primary circuit. 


J,=impedance of the primary circuit. 


Let J, R, L., C, Ky and /J, represent the corresponding 
quantities for the secondary circuit, within and without the 
transformer. 


£=harmonic electromotive force supplied to the primary circuit. 

¢=angle of phase difference between primary electromotive force 
and current. 

M=coefficient of mutual induction between the primary and 
secondary circuits. 

w= 2 m frequency. 


Let #,', Z,', Ky’, and /,' represent the apparent values of the 
quantities indicated. 
It is to be noted that 


reactance = K=oLl — 
Co 


impedance = /= V k?+ K?; 
apparent impedance = /,'= VR,'?+K,'*. 
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For the case in which the secondary alone contains a condenser, 


— =o, and K,=Ly,o. 

For the general case,! in which we suppose that condensers with 
capacities C, and C, are located in the primary and secondary cir- 
cuit respectively, as shown in Fig. 1, we have the solution for the 

primary current 


=J, sin (t+), 
where 
and arc tan + arc tan Rs 
a 
2 
tan ¢= a_k,__6R,—ak, 
44 _ ak,+bKy 
a k, 


Here a and 4 are abbreviations which, in this general case, have 
the values 


L I 
£14434 RR 


or a=R,R,—K,K,+ Mo’, 
b6=R,K,+ R,K,. 


Substituting these values of a and 4, we obtain 


wR, 


tan d= — 


1 Discussed at length by the writers in a paper “On Mutual Induction and Capacity,” : 
page 100, Proceedings of the International Electrical Congress, Chicago, 1893; also, ' 
PuysicaAL Review, Vol. I., page 193. The letters 2 and 4 in the present paper corre- 
spond to a and @ in the paper referred to, with —w? and w* factored out. The conditions 
are there shown under which oscillations in one circuit may occur, on account of a con- 
denser placed in the other. The period of the oscillations in a primary circuit is given 
for the case in which the secondary alone contains a condenser. 
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By rearrangement we obtain our results in the following useful 
form, 


K,-vK. KY 
tan d= ——1 
Ri ky 
and 
where 
_Mo _/, 
J, 


We thus have for the primary circuit : — 


apparent resistance= R,’=R,+77R, ; 
apparent reactance= = K,—y7°K,; 
apparent impedance=/) = 


The apparent primary reactance equals the real reactance dimin- 
ished by a multiple of the secondary reactance. The apparent 
primary resistance equals the real resistance increased by the same 
multiple of the secondary resistance. This multiple is the square 
of the ratio of secondary and primary currents. 

For completeness we may add 


t,=/, sin 


where Mol, 
J 
and tan 6,= 


2 

These results are independent of any assumption concerning 
magnetic leakage ; they are rigorously correct when the capacities 
and coefficients of induction are constant, and the impressed 
electromotive force is harmonic. Where the electromotive force is 
not harmonic, the solution may be applied to each component of 
the complex wave ; or, we may make use of the idea of an equiva- 
lent sine wave, which, although useful and in many cases capable of 
giving approximately correct results, is not rigorous for this case. 
The conditions for consonance are readily obtained by noting the 
conditions under which the apparent reactance of the primary is 
zero; these will be discussed after the graphical treatment of the 
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problem, from which these results analytically obtained are inde- 
pendently derived from geometrical considerations. 


Graphical Treatment. 


In the graphical treatment of resonant phenomena, or of any 
alternating-current problem, there are four correlated methods of 
representation. We may plot electromotive forces, as in Fig. 2; 
impedances, as in Fig. 3, obtained by dividing our electromotive 
force diagram by current ; admittances, as in Fig. 4, the reciprocal 
of our impedance diagram ; and currents, as in Fig. 5, obtained by 
multiplying the admittance diagram by an electromotive force. 
Figures 4 and § are reciprocal to Figs. 2 and 3. There is a close 
relation between all of these diagrams. We will build up Fig. 2, 
step by step, and discuss it in detail; the full discussion of the 
other diagrams will scarcely be called for. Our particular study is 
to determine the action of the condenser in the secondary circuit. 

In Fig. 2 let OA=/, represent the primary current, which for 
the present is assumed constant; OB=J//,, drawn ninety 
degrees behind OA, represents the electromotive force induced in 
the secondary by the primary current, the instantaneous value of 


this electromotive force being ue, Positive direction of rota- 


tion is taken as counter-clockwise. 

The secondary current, OC, lags behind OB by an angle @,, 
whose tangent is K,+R,. The primary impressed electromotive 
force, £, is the sum of three components: OH=R,/ , to overcome 
primary resistance; HT =X;,/,, to overcome the reactance of the 
primary circuit ; and TF=Mo/,, to overcome the back electro- 
motive force induced in the primary by the secondary current. 
These components are in the direction of the primary current, 
and at right angles to the primary and secondary currents respec- 
tively. When iron is present, RX, is strictly a power coefficient, 
hysteretic and ohmic; OH is the power electromotive force for all 
expenditure of power excepting in the secondary. Eddy currents 
and hysteresis are thus taken into consideration in so far as they 
occasion an expenditure of energy. Hysteresis would likewise 
cause a lagging of magnetization behind the magnetizing current, 
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on account of which OB would be a little more than ninety degrees 
behind OA. 

The vector sum of the active electromotive force, OH, and the 
reactive electromotive force, HT, determines OT, the electro- 


Fig. 2. 
Electromotive Force Diagram: Positive Rotation is Counter-clockwise. 


motive force to overcome the impedance proper of the primary. 
The impressed electromotive force, OF, is the sum of OT, and 
the back electromotive force, TF. 

Under the assumption that /, is constant, evidently OB is con- 
stant. As the secondary capacity or reactance is varied, the point 
D moves on the circle ODB, and the point F moves similarly on 
the circle TQFPG. This determines the phase of the primary 
electromotive force OF, which may be either in advance of the 
current or behind it, being in phase with it at two points P and 
Q. In the case represented in the figure, the electromotive force 
is behind the current. 
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The line TF, showing the back electromotive force due to the 
secondary current, may be resolved into 


the active electromotive force TW=TF cos @. =(- _ 


the reactive electromotive force WF =TF sin 0,= ("Kal 
2 


These are the components of the back electromotive force. 
Adding these to OH and to HT respectively, we obtain the 
total values of the active and reactive electromotive force in the 
primary ; viz. : 


ZF=K,,—-fK 


The diameter of this primary circle is the value of TF, when in 
the position TG, which occurs when K,=o. The secondary cur- 
rent is then in the direction of OB, and we have 1,=Mol,+R, 
The diameter of the primary circle is then 


Me 
Ry 

A primary condenser changes the length of HT, the point T 
moving toward H, as the condenser reactance is increased; in 
fact, it may be moved to the right of H. For a case in which 
the primary reactance is due to inductance alone, the diagram as 
drawn applies. 

With the secondary condenser removed, the point F would move 
to some point as Y, and the point D to a corresponding point Y’, 
depending upon the resistance in the secondary circuit, and 
upon the amount of magnetic leakage, a small amount of which 
is here assumed present. The limiting positions, therefore, of 
the point F are Y and T. As TY would be the position of TF 
in the absence of the secondary condenscr, it follows that a 
line drawn from Y to F in any position shows the component of 
the primary electromotive force due to the secondary condenser. 
The point F could not lie on the dotted portion of the curve. 
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If we divide the electromotive force diagram, Fig. 2, by the 
value of the primary current for which it was constructed, we 
obtain (Fig. 3) an impedance diagram, independent of current or 
electromotive force. Here OH represents ohmic resistance [or a 
power coefficient where other losses are involved]; HT is the 
primary reactance ; OT is the primary impedance. The apparent 


Fig. 3. 
Impedance Diagram (obtained by dividing Electromotive Force Diagram, Fig. 2, by 4). 


primary impedance OF, is the sum of the impedance OT and of 
TF, an impedance component due to the reaction of the second- 
ary; of this, YF is due to the presence of the secondary con- 
denser. 

From Fig. 3 we have 


OZ=R, 
ZF 
OF 
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From Fig. 2 we also have 


We have thus obtained by geometrical methods the results 
derived above by analytical processes. In Fig. 3, for the maximum 
and minimum values of the apparent impedance, we have OV 
and OU; for consonance we have the values OQ and OP. We 
may note that, while for consonance the secondary condenser 
decreases the apparent reactance of the primary to zero, it gives 
rise to a corresponding increase in the apparent resistance. 

If, in Fig. 3, OF is a vector representing the apparent impedance 
of the primary, we may obtain the value of the admittance by tak- 
ing the reciprocal of OF. Now OF is a vector drawn from the 
origin O, and lies on the circle ; 

TQFPG as the secondary re- 
actance is changed. By the ® 
principle of reciprocal vectors 
it follows that, if the locus of 
the impedance vector is a 
circle, the locus of the admit- 
tance vector (its reciprocal) 
will likewise be a circle. In 
Fig. 4, of is a vector repre- . F 
senting admittance, being al- 
ways equal to the reciprocal ——e 

of OF, Fig. 3. The circle Fig. 4. 

upfqu, in Pig. 4, is reciprocal ae of the 
to the circle VPFQU in 

Fig. 3. We may note the reciprocal points w, v, f, g, and U, V, 
P,Q. The points of minimum and maximum impedance U and 
V correspond to the points of maximum and minimum admittance 
wand v. The admittance diagram is evidently independent of 
current or electromotive force. 

Let us now assume an alternating electromotive force £, con- 
stant in value, supplied to the primary circuit. Multiplying our 
admittance diagram [which for simplicity is not complete] by Z, 
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we obtain the current diagram, Fig. 5. Here of is the power 
current in the direction of the electromotive force; At is the 
reactive current, and rep- 


ka 
E} resents no work. The 
G / | i resultant is of, the open- 
rd | \ circuit current, which is 


\. denoted by J. It is to 

| \ be observed that o/ is the 
current representing the 

| j power expended in all 
ways other than in the 
secondary circuit. The 
actual current /,, which 
flows in the primary when 
the secondary is closed, 
is the resultant of the 
open-circuit current of 
and the component 
due to the reaction of the 
secondary, which is equal 
to the secondary current 
multiplied by the ratio 
of secondary to primary 
turns (S,+ S)). 


Fig. 5. A 
s the second - 
Current Diagram (Admittance Diagram multiplied by d one 
Primary Electromotive Force, &). ance is varied, the primary 


current changes in mag- 
nitude and direction according to the reaction of the secondary, 
and lies upon the circle, as shown, as a locus. The dotted portion 
of the circle corresponds to the dotted portion in the previous 
figures. This diagram corresponds to that of Mr. Steinmetz. 


The points of consonance, f and g, correspond to P and Q above. 
If consonance can be obtained at all, there are two values of the 
primary current for which it may be obtained. 

The secondary current, /,, varies proportionally to tf, and is 
drawn as oc, with its locus on the circle ¢, #, e, d. In the present 
case (which assumes a certain amount of magnetic leakage), the 
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secondary current would take the position od, if the secondary 
condenser were removed from the circuit. It could only move on 
to the dotted part of the curve in case self-induction were added 
to the secondary circuit, —or, what is the same thing, the mag- 
netic leak increased. We thus see the action of the condenser 
and of magnetic leak are opposed, and that magnetic leak may be 
thus compensated for. In fact, the secondary circuit may be given 
a capacity which will overcompensate for magnetic leakage; as a 
constant potential transformer is loaded the secondary electromo- 
tive may rise, despite the magnetic-leakage drop and the fall in 
potential due to ohmic resistance. In the absence of condenser, 
magnetic leak and open-circuit losses (that is, if 04 were zero), the 
secondary current would be in the direction ve. Losses on open- 
circuit, eddy currents, hysteresis, etc., give to the open-circuit cur- 
rent the power component of, and in the absence of magnetic leak 
the secondary current would assume the position of. 

In the present instance the point of minimum impedance U, 
and maximum current w#, are on the dotted portion of their 
respective circles, and so could not be actually obtained. This, 
however, is not necessarily so. By the principle of reciprocal 
points, it follows that the product of the maximum and minimum 
currents is equal to the product of the two consonant values of 
current ; that is, 

Ou X OV X 0g. 

We may best examine the conditions of consonance by returning 
to Fig. 2. When the primary circle does not intersect OP, there 
can be no consonance ; analytically we would obtain imaginary 
values. If there is one condition for consonance, there must be 
two, corresponding to the points P and Q, except in the limiting 
case when the circle is tangent to OP. Then HT would equal 
the radius of the circle, and 


For consonance to be possible, we must therefore have the 
relation 


Mo? > 2 KR, 


Mo Mol, 
2 


‘ 
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The points of consonance are determined by equating the value 

of primary apparent reactance to zero ; thus 
K,'=K,-7°K,=0; 

or 
K, 

Two values of X, will satisfy this condition. Frequency is an 
important factor in this criterion. The conditions for consonance 
are obtained when OD is perpendicular to TQ or to TP. 

A particular case, which may be termed “pure consonance,” 
is obtained when the natural period of each circuit independently 
is equal to the period of the impressed electromotive force. The 
period of the system in this case is evidently the same as the period 
of either circuit. We have X, and KX, each equal to zero. The 
point T coincides with H, and OD takes the position OB. 

We have seen that all our conclusions concerning consonance 
may be obtained independently, by analytical or by graphical 
methods ; the results by the two methods being easily identified. 
The graphical method, however, appeals to us as the more evident. 

Although it is readily shown that the loci of primary impedance 
and admittance are circles, as the secondary reactance is changed, 
the conditions are ndt easily obtainable for a wide range of varia- 
tion. The diagrams here drawn are for an assumed case, and the 
secondary capacity is varied from zero to infinity. Ordinarily, the 
range of variation would be small, as Dr. Pupin has pointed out, 
and as has been the result of our own experiments. It is to be 
hoped that Dr. Pupin, who has experimented so faithfully on 
simple resonance, will bring out equally valuable results from his 
experiments in electrical consonance. 

In addition to the effect of consonance, the action of a condenser 
to counterbalance leakage has been pointed out above. Although 
scarcely germane to the present discussion, we may call attention 
to another effect which may be produced by means of a properly 
proportioned condenser in the secondary circuit. If the secondary 
reactance be made zero (inside and out of the transformer), simple 
secondary resonance is obtained, and a constant primary current 
will transform to a constant secondary electromotive force. 
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ON THE SECULAR MOTION OF A FREE MAGNETIC 
NEEDLE! 


By L. A. BAUER. 


MAGNETIC needle, suspended so as to move freely in all 
directions, will set itself tangent to the lines of terrestrial 
magnetic force. At any particular time it will assume a definite 
direction. It will make a definite angle with the true meridian, 
which, measured in the horizontal plane, is known as its declination 
(D); also a definite angle with this plane, which, measured in thé 
vertical plane passing through the magnetic meridian, is termed 
its inclination (/) or dip. The intensity of terrestrial magnetic 
force is usually determined from a measurement of the horizontal 
component (//), so that for any particular time D, /, and # will 
have definite values. Now, as is well known, the direction and 
intensity of the geomagnetic‘lines of force are in a continual state 
of flux. About any assumed mean position of equilibrium a 
variety of small periodic variations (daily, seasonal, annual, 11} 
year, etc.) take place, accompanied at times by fitful or irregular 
ones, which occasionally become really considerable. These 
changes are usually small. In consequence of the so-called secular 
variation, however, geomagnetism suffers in the course of time 
most remarkable changes. 
The fact of a secular variation has now been known for two and 
a half centuries.2 It has been the cause of no end of fruitless 
speculations. It has engaged some of the best minds and given 
rise to most ingenious theories, but the riddle is still unsolved. 
One of the greatest of geomagneticians has truly said: “‘ Viewed 
in itself and its various relations, the magnetism of the earth can- 


1 A paper read before the National Academy of Science, Washington, April 16, 1895. 
2 Discovered in 1634 by Gellibrand, from the fact that the declination at London had 
changed from 11} E. in 1580 to 4° 4! E. in 1634. 
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not be counted less than one of the most important branches of 
the physical history of the planet we inhabit.” It is indeed being 
recognized more and more that gravitation is not the only bond 
that binds us in friendly union with our sister planets and our 

) parent sun. The astronomer has encountered phenomena partly 
of electric nature, some of which, making themselves felt in geo- 
physical changes, have defied all his present methods of research. 
His gravitation hypothesis fails him here. His only hope of 
explanation appears to lie in geophysical investigations; and among 
the great geophysical enigmas, whose unraveling promises to 
unlock many another of nature’s secrets, this question of the cause 
of the secular variation of terrestrial magnetism plays a prominent 
part. It is for that reason that we find that so many brilliant 
minds have been engaged in attempting to discover the cause. 
With but few exceptions, however, it has seemed to escape all 
theorists that the problem does not consist in determining what 
will cause a secular variation, but rather in determining which of 

i all the causes that can be assigned is the one. Qualitatively, | 

| causes innumerable and plausible can be given; quantitatively — 

| “there lies the rub.” It is not then that we are embarrassed by a 

| paucity, but rather by a multiplicity, of causes. The present 

i attitude of an investigator of the secular variation must then be 

| rather that of a judge between the various causes that have already 

| been assigned. With this in view the writer has thus far studi- 

i ously avoided the formulation of any theory of his own, so that an 

unbiased and impartial investigation of this perplexing phenomenon 

could be undertaken, and facts that might serve as criteria 

between the various causes be critically established. 

The general problem of the secular variation of geomagnetism, 
z.¢. the determination of the change in direction and in zvtensity of 
the geomagnetic lines of force, cannot as yet be undertaken with , 
success, since we possess reliable intensity observations for hardly 
more than half a century. The investigation of the change in 
) direction, however, on account of the accumulation of declination 
1 and inclination data for over three centuries, can be attempted, 
| since for this purpose a knowledge of only declination and inclina- 
tion, not of force, is required. We will then, in the present com- 
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munication, formulate our first problem as follows: What is the 
secular motion of the geomagnetic lines of force? or more con- 
cretely, since, as above stated, a free magnetic needle sets itself 
ever tangent to the lines of force: What is the secular motion of 
a free magnetic needle? or still better: What curve in space does 
the north end of a free magnetic needle describe in the course of 
centuries ? 

The usual method of procedure in discussing the secular vari- 
ation of the direction of geomagnetic force has been to discuss 
separately the secular variation of the different magnetic elements, 
declination or inclination, as though they were different effects of 
forces acting instead of component effects. It is due to this fact 
chiefly that all attempts at a discovery of a single law of the 
secular variation applying to the whole earth have failed. 

Among those who have been engaged with a determination of 
the secular variation curve, chief mention must be made of A. T. 
Kupfer, E. Quetelet, R. Wolf, C. A. Schott, and J. Liznar. Kupfer 
drew the curve for a few months for St. Petersburg and Peking ; 
Quetelet, the Brussels curve 1828-1878 ; Wolf, the London curve 
1580-1876; and Schott, a mean New England curve 1820-1885. 
Quetelet and Wolf made the arbitrary assumption that the cone 
described by the free magnetic needle was a circular one, and 
upon this hypothesis determined the curves by least square adjust- 
ment of the observations. Liznar (1891) appears to have estab- 
lished first the general formulz, free from all assumptions as to 
the geometric nature of the curve. He, however, made no use of 
them, as his purpose was to investigate the daz/y and annual 
curves, for the construction of which only very rough formulz are 
needed. Before Liznar’s paper had fallen into the writer’s hands, 
other and simpler formulz had been established by the latter, and 
the secular variation curves for London and Paris constructed 
therewith. These curves were exhibited at the meeting of the 
American Association for the Advancement of Science in August, 
1892.1 The following curves were roughly constructed and shown 
at the same time, viz.: Rome, Berlin, St. Petersburg, Cape 
Comorin (India), Tokyo, Pelropawlowsk, San Francisco, Mexico, 


1 See “ Abstract” in Science, Vol. 20., No. 506, p. 218. 
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Washington, New York, Cambridge (Mass.), Azores Is., Ascen- 
sion I., St. Helena I. and Cape Town. From an inspection of these 
curves a surprising and beautiful law revealed itself with regard to 
the direction of the secular motion, viz.: that at all the stations 
both in the northern and the southern hemispheres, the north end of 
a free magnetic needle, as beheld by an observer standing at the center 
of suspension of the needle, moves in the direction of the hands of a 
watch. Up to that time this simple law had not been known. 
As this fact cannot be established @ priori, much less the actual 
direction and curve be given for various parts of the earth by 
theory, it was deemed highly essential that the investigation of 
the secular curves be continued and amplified. There was 
another fact which disclosed itself at that time which made it very 
desirable that the investigation be continued; namely, that the 
secular variation curves seemed to develop themselves more and 
more by going around the earth eastwardly, ze. it appeared as 
though the secular variation curve might be constructed by get- 
ting a composite of all the parts of curves described at stations 
lying somewhere near the same parallel of latitude. If this were 
true, it would imply that the curve described by the north end of 
a free magnetic needle in making an instantaneous circuit of the 
‘earth in an easterly direction along a parallel of latitude, should 
bear a resemblance to the secular variation curve. Other prelimi- 
nary conclusions with regard to the period could also be announced. 

Since the presentation of the above paper, the writer has had 
opportunity to continue and extend his researches, and carefully 
test his preliminary conclusions. The present result of his labors 
has been laid down on the two charts appended,! which have been 
taken from a recent publication.? In the preparation of the latter, 
the writer enjoyed the use of the Washington and Berlin libraries, 
and the encouragement of Professors Neumayer, von Bezold, and 
Planck. For the warm interest shown by these gentlemen, the 
writer tenders his heartfelt thanks. 

In the following, the necessary steps for drawing the secular 


1 The charts referred to will accompany Part II. of the present article. 
2L. A. Bauer: Beitraege zur Kenntniss des Wesens der Saecular Variation des Erd- 
magnetismus. Berlin, 1895. Mayer und Miiller. 


~— 


{ 
— | 
i 
f 
i 
a 
4 
i 
‘ 
q 
4 
. 
| 
fi, 
rh 
ae 
oy 
if 
od 
“| 
| 
- | 
4 
| 
| 


No. 6.] SECULAR MAGNETIC VARIATION. 459 


variation curve will be outlined, and the main results be briefly 
given. For more explicit information reference must be made to 
the publication cited. 

First, all observations of declination and inclination made at any 
one station must be carefully collected and critically discussed. 
The collection of the material, owing to its being scattered 
throughout many publications, and owing to the unsatisfactory 
state of the literature on geomagnetism, is by far the greatest 
and most unenjoyable task in the construction of the curve. To 
illustrate: In order to gather the London material, the writer 
went through all the volumes of the Philosophical Transactions 
and Proceedings of the Royal Society, and gleaned besides from 
other publications. This material must then be subjected to 
careful scrutiny. Sometimes no date is given, or but roughly so; 
sometimes no detailed description of station is at hand; sometimes 
the observation is utterly defective, due either to local disturb- 
ances or defect in instrument or method, etc., etc., so that to 
gather, sift, and weigh the material lying outside one’s own country 
requires considerable time and patience. As the declination and 
inclination observations have not generally been made simultane- 
ously, nor by the same observer, the next step is to construct 
suitable interpolation formulz. In the absence of a knowledge of 
the function expressing the law of the secular variation, resort 
must be made to empirical formule, and, as is customary in such 
cases, a harmonic series is employed. Thus to express the secular 
variation of the declination, for instance, we shall employ a series 
of the form :— 


D=D,+r sin (8t+C) +7 sin 


where D stands for the declination at any time 4, D, the mean 
declination about which the periodic fluctuations take place, 7, 7, -+- 
the semi-ranges or amplitudes of the fluctuations, --- coeffi- 
cients corresponding to the oscillation periods, z.e. 8= 360°+ period, 
7 = time interval in years between some adopted epoch, say 1850, 
and that of observation, r=(¢— 1850) and C, the epochal 
constants of the several periodic terms. A similar formula is 
employed for the secular variation of the inclination. In general, 
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two periodic terms are amply sufficient, and in most cases one will 
suffice to give the greater part of the secular variation during the 
time interval for which we at present possess data. The inter- 
polation formulz for each element are then established, according 
to the well-known method for the treatment of such observations. 

In the tables below, an abstract of the material for London is 
given in a concise form, to enable one to see how well the inter- 
polation formulz employed represent the observations. 

A; is here the difference between observation and computation 
(O.—C.) when using Dr. Felgentraeger’s formula,! as transformed 
by the writer, viz. : — 


‘ LONDON: DECLINATION. 


Date. Observer. D observed. Ap Op 
° ° 

1540. van Bemmelen Chart . . . — 8(?) —0.8(?) +3.0(?) 
1580.79 Boroughs and Norman . . —11.25 —0.30 —0.28 
1622.45 « — 5.92 +0.92 +0.72 
1634.45 » « « « — 4.07 +0.39 +0.67 
1640. oe — 3.11 0.00 +0.55 
1657. « 0.00 +0.10 +0.43 
1665.94 H. Bond, Sen. + 1.48 —0.09 +0.15 
1666.44 J. Seller. + 1.57 —0.09 +0.15 
1670.40 Millet a + 2.10 —0.24 —0.15 
1672. + 2.50 —0.19 —0.21 
1680. Hooke . . + 4.50 +0.54 +0.09 
1692. . . « « » + 6.00 +016 —1.02 
1698. Cassini . , + 7.00 +0.18 —1.32 
1722. G.Graham. . . +14.2(?) 
1746.50 a +17.31 +0.70 —0.42 
1759.29 +18.97 —0.65 —0.72 
1773.5 + +21.15 —0.63 —0.33 
1779.02 Royal Society. . . .. . + 22.36 —0.14 +0.30 
1793.62 + 23.82 +0.06 +0.59 
1798.57 + 24.03 +0.03 +0.52 
1803.57 +24.13 —0.01 +0.39 


1 Dr. W. Felgentraeger: Die laengste nachweissbare saeculare Periode der Erdmag- 
netischen Elemente. Teil I. Declination. Inaug. Diss., Un. Géttingen, 1892. 
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LONDON: DECLINATION (continued ). 


Date. Observer. D observed. Sp 4g 
1808.75 | G.Gilpin . . +24.18 —0.01 +0.29 
1814.59 | G. Gilpin and Royal Society +24.29 +0.09 +0.34 
1814.66 M.Beaufoy « + 24.29 +0.09 +0.34 
1820.45 Royal Society. . « + 24.22 +0.13 +0.24 
1837.50 | J.C. Ross. . . + 23.60 +0.22 +0.13 
1842.50 Kew and Greenwich oe + 23.23 +0.17 +0.05 
1845.50 Greenwich Observatory . . + 23.22 +0.4 +0.36 
1850.50 Greenwich Observatory . . + 22.70 +0.2 +0.14 
1855.50 Greenwich Observatory . . + 22.06 +0.03 +0.05 
1860.50 Kew and Greenwich . . . + 21.44 — 0.06 —0.16 
1865.50 Kew and Greenwich . . . + 20.76 —0.15 —0.29 
1870.50 Kew and Greenwich .. . + 20.10 —0.16 —0.31 
1875.50 Kew and Greenwich .. . +19.49 —0.02 —0.25 
1880.50 Kew and Greenwich .. . +18.79 +0.11 —0.20 
1885.50 Kew and Greenwich ... +18.22 +0.48 —0.02 
1890.50 Kew and Greenwich .. . +17.63 +0.83 +0.24 


D= +6°.964+ 16°.975 sin a—0°.374 sin (2a+45°.11) 
+0°.603 sin (3 a+ 153°.76)—0.810 sin (4a+43°.78). (1) 


Where west declination is +, east declination —, and 
1695.95) =0°.755 (¢— 1850) + 116°.28. 


A,=(0.—C.), employing the writer’s approximate formula,’ viz. : — 
D=+6°.24+17°.75 sin [0°.7 (¢— 1850) + 112°.73]. (2) 


A comparison of differences A, and A, is instructive in that an 
opportunity is afforded thereby to see how closely one periodic 
term will represent the secular variation. In the establishment of 


his formula, Dr. Felgentraeger made use of observations 1580- 


1882, so that the 1885 and 1890 computed values are extrapola- 
tions. The author obtained his formula with the aid of observa- 


tions 1580-1890. 


1 Science, Vol. 20, No. 506, p. 219. 
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LONDON: INCLINATION. 


° 
1576. 71.83 71.19 +0.64 0.5 
1600. ey 72.00 72.29 —0.29 0.5 
1613. 72.50 72.81 —0.31 0.5 
1676. 73.50 74.34 —0.84 0.5 
1720.5 74.48 74.08 +0.40 0.5 
1723.29 74.70 74.03 +0.67 0.5 
1746.5 Oe eo 73.5 73.42 +0.08 0.5 
1773.0 Nairne and Heberden . . 72.32 72.44 —0.12 0.5 
1777.72 Royal Society . . . . 72.43 72.25 +0.18 0.5 
1795.0 71.30 71.47 —0.17 0.5 
1821.10 Kater, Sabine, and Christie 70.32 70.20 +0.12 1.0 
1829.82 Sabine, Kater, and Segelcke 69.68 69.79 —0.11 1.0 
1837.42 Lloyd, Fox, and others . . 69.35 69.42 — 0.07 1.0 
1847.50 Greenwich Observatory. . 68.90 68.96 —0.06 1.0 
1854.65 Welsh and Sabine ... 68.51 68.64 —0.13 1.0 
1860.12 Greenwich and Kew. . . 68.37 68.40 —0.03 1.0 
1866.12 Greenwich and Kew. . . 68.07 68.16 —0.09 1.0 
1872.12 Greenwich and Kew. . . 67.87 67.92 —0.05 1.0 
1878.00 Greenwich and Kew. . . 67.70 67.71 —0.01 1.0 
1884.00 Greenwich and Kew. . . 67.58 67.50 +0.08 1.0 
1888.12 Greenwich and Kew. . . 67.52 67.36 +0.16 1.0 


Here A = observed inclination — computed inclination, employ- 
ing writer’s formula,! viz. :— 


[=70°.40—3°.98 sin [0°.7 (¢— 1850) + 23°.02) ]. (3) 


It will be seen by glancing over column A that this formula 
gives a satisfactory representation of the observations. The 
weight w of each observation need be taken but very roughly, 
The author in establishing his D and / formule found that in 
both cases the best representation of the observations was obtained 


by employing the period 514 years, z.e. for p= =0%70. This, 
14 
however, must not be regarded as a proof that such a secular 


variation period really underlies the observations. The latter 
extend only a little over one-half this period, and furthermore, 


1 Science, Vol. 20, No. 506, p. 219. 


J 
‘ 
] 
i 
_ 
| 
| 
| 
| 
— 
i 
| 
| 
} 
} 


No. 6.] SECULAR MAGNETIC VARIATION. 463 


the early observations are usually defective to the extent of 1°-2°, 
so that at present a determination of the period, if there be such, 
cannot be undertaken. The writer’s object was solely to build up 
interpolation formule, and the period giving the best agreement 
was hence adopted. 

With the aid of formulz (1)! and (3), the tabular values given 
below were then computed. As the values for 1540 and 1560 are 
extrapolated ones, they have been marked questionable. The 
value of D for 1890 was obtained from the observations and not 
from formula (1). We now possess the elements for the con- 
struction of the secular variation curve. 

As the needle assumes different positions for different epochs, 
it gradually sweeps out in space a cone, the vertex of which is 
at the center of suspension of the needle. Or, if a sphere be 
described about the center of suspension of the needle, having as 
radius the distance of the north end of needle from the center of 
suspension, then will the north end in the course of time describe 
some tortuous curve lying on the sphere. How shall we draw this 
curve? Undoubtedly the best method will be to project this curve 
centrally upon a plane tangent to the sphere at that point, corre- 
sponding to the intersection of the axis of the secular cone with 
the sphere. We shall thus get a good representation of the curve 
unfolding itself to an observer standing at the center of the needle, 
and looking, for instance, toward the north end. Or, in other 
words, the projected curves obtained thus are the curves of inter- 
section of the secular cone with a plane perpendicular to the axis 
of the cone. Upon this principle the secular variation curves here 
given have been constructed. The half-length of the needle, or 
the distance of the perpendicular plane from the center, has been 
taken throughout as 20 cm. (7.88 inches). 

A word must be said with reference to the point of tangency of 
the plane of projection. As the geometric nature of the secular 
variation curve is not yet known, the actual center, if there be 
such, of the curve cannot be ascertained. All that we can do at 
present is to determine from the material at hand a mean declina- 
tion (),) and a mean inclination (/,). The point on the sphere 


1 Adopted in preference to (2) as giving the better agreement with observation. 
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corresponding to these mean elements is taken as the point of 
tangency. These mean values are given by the constants in above 
periodic formule. Thus, for London, J), was taken as 7° West, 
and /, as 70°.4. Hence the line defined by these two angles is the 
direction to which the supposed plane of intersection with the 
cone is drawn perpendicular. These mean values need be known 
only approximately, for our sole purpose is to get a tolerably clear 
representation in a plane of the real curve described in space. It 
remains only to make brief mention of the system of codrdinates 
employed, and then the steps necessary for the construction of the 
curves have been sketched. The projection formulz cannot, of 
course, be developed here, but must be taken from the publication 
cited. On the sphere described as above, the declination of the 
needle as observed is measured along that small circle parallel to 
the plane of the horizon, which corresponds to the observed incli- 
nation of the needle. The observed inclination is measured along 
a great circle of the sphere perpendicular to the plane of the 
horizon, or along a meridian. This will be made clearer if we 
regard declination as corresponding to longitude, and inclination 
to latitude. The longitude is measured along a parallel of latitude, 
and the degrees of longitude are different for every latitude, while 
the latitude is measured along a meridian, but the degrees of 
latitude are everywhere the same. Just so it is with degrees of 
declination and those of inclination, —the latter have always the 
same absolute value, the former, however, are different for every 
inclination assumed by the needle. 

This latter fact is continually being overlooked, even by geo- 
magneticians. Changes in inclination are directly compared with 
changes in declination, without any attempt being made to reduce 
them to a common scale. Just so it is also in the discussion of 
the probable errors of observation of both elements. Before they 
can be compared, they must be reduced to a common standard. 
To avoid confusion we will say in speaking of our supposed sphere, 
instead of parallel of latitude and meridian, circle of inclination 
and circle of declination respectively, the declination being meas- 
ured along the first circle, and the inclination along the latter. 
The most natural system of codrdinates, then, for the projected 
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curves would be the projected circle of inclination and the pro- 
jected circle of declination. For the secular variation changes 
that we have encountered thus far, it has been found that for the 
scale used the projected circles of inclination can be regarded as 
arcs of circles. The projected declination circles are, of course, 
straight lines. On the projection, then, the declination changes 
will be measured along the circular arcs, while the inclination varia- 
tion will be measured along the radial lines. It has been found 
that in the northern hemisphere the convex sides of the arcs 
are turned upwards, while in the southern they are turned down- 
wards. This is due to the following reason. In the northern 
magnetic hemisphere the north end of the needle points de/ow 
the horizon, or we might say has a negative inclination; in the 
southern magnetic hemisphere the north end points above the 
horizon. Custom has decreed that inclination below the horizon 
be designated as positive. If now the inclination decreases in the 
northern magnetic hemisphere, this means that the north end of 
the needle is moving toward the plane of the horizon, or is rising, 
and hence the inclination numbers decrease upwards. If, on the 
contrary, the inclination decreases in the southern hemisphere, 
the zorth end of the needle is, to be sure, again approaching the 
plane of the horizon, but is now /a//ing, and hence the inclination 
numbers now decrease downwards. 


(Zo be concluded.) 
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MINOR CONTRIBUTIONS. 


A New METHOD FOR TESTING THE MAGNETIC PROPERTIES 
OF IRON. 


By W. S. FRANKLIN. 


1. Determination of B and H. 


ROD, of sectional area g, of the iron to be tested, is bent into the 

form of a long narrow fn, and suspended from the (left) pan of an 
ordinary balance. The legs of the NM are surrounded by longer stationary 
coils, each having # turns of wire per centimeter, these coils being 
connected as the two coils of a horseshoe magnet. The balance is tared, 
a weight equal to / dynes placed on the right pan, and the current in the 
coils is slowly increased (or decreased) until the balance is in equilibrium, 
when the current, 7, is measured ; then 


H = (1) 
and tH (2) 


Proof.— Equation (1) is the well-known expression for the magnetic 
field in a long coil. Equation (2) may be established as follows. ‘There 
are two poles, each of strength m, neglecting sign ; these poles are pulled, 
both in the same direction, by the field H, the total force being = 2 mH; 


but B= 477% + H, whence (2) follows at once. 


2. Experimental Results. 


This method for B and # has been applied by Messrs. Lee Campbell 
and E. C. Dickinson.’ The coils, 2 = 16.3, were 234" long and 4" in 
diameter. Table I. gives the results of the observations. / is the observed 
force in dynes, and 7 the observed current in C.G.S. units. 


1 Thesis 1894. MS. in lowa Ag. College Library. 
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TABLE I. 


First Cycle. 


Second Cycle. 


Third Cycle. 


H B F H B F H B 
1177 +0.224 45.8 19330 1226 +0.229 46.8 19680 1226 +0.229 47.0 19620 
785 0.152 31.2 18930 785 0.150 30.8 19140 783 0.156 32.0 18400 
490 0.094 19.3 19141 487 0.097 19.9 18392 490 0.100 20.4 18030 
194 0.041 8.4 17270 196 0.042 8.5 17280 189 0.042 8.5 16640 
147 —0.047 9.7 11430 167 —0.049 10.2 12330 168 —0.049 10.0 12630 
444 0.097 19.9 16760 542 0.113 23.2 17540 510 0.108 22.1 17340 
833 0.166 34.0 18460 788 0.158 32.5 18220 784 0.159 32.1 18060 
1226 0.232 47.5 19425 1228 0.235 48.2 19170 1253 0.236 48.4 19460 
78+ 0.152 31.1 18990 772 0.150 30.8 18820 785 0.150 30.6 19230 
392 0.079 16.2 18180 372 0.097 19.8 14070 490 0.096 19.6 18750 
196 0.042 8.6 17160 189 0.042 8.7 16370 196 0.044 8.9 16490 
169 +0.049 10.1 12603 154 +0.048 9.8 11790 167 + 0.049 9.9 12450 
539 0.112 23.0 17630 488 0.102 21.1 17420 540 0.112 23.0 17630 
838 0.164 33.5 18800 783 0.158 32.3 18210 787 0.161 33.0 17900 
1226 0.231 47.3 19480 1226 0.205 48.2 19150 1246 0.235 48.1 19490 
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3. Direct Determination of Hysteresis Loss. 


The iron to be tested is taken in the form of a long straight rod, and 
suspended vertically from the pan of a balance. A coil of wire of medium 
length, of m turns per centimeter, surrounds the rod, and is arranged so 
that it can be moved up and down conveniently. It being required to find 
the energy loss per cubic centimeter of iron during a cycle in which the 
magnetizing field changes from + H to — H, and back to + # again, a 
measured current 7 is passed through the coil. The coil is moved up and 
down over the whole rod a number of times, the current being reversed 
each time the coil reaches top or bottom, until the changes in the rod have 
become cyclic. The rod is then weighed during the upward motion of the 
coil, and during the downward motion of the coil. Let / be the difference 
of these two weights in dynes ; then 


F 
W=— 
y (3) 


in which ¢ is the sectional area of the rod, and W is the energy per cubic 
centimeter lost in the iron in one cycle. The magnetizing field is calcu- 


lated from equation (1). 


4. Proof of Equation (3). 


Consider a very long rod, of sectional area g, which has been magnetized 
by a field + 4, this field being allowed to drop to zero. Start a magnetiz- 
ing coil, giving a field — # in its interior, moving slowly along the rod. 
Those portions of the rod well ahead of the moving coil will be in the con- 
dition in which they were left by the field + 47; as these portions pass into 
the coil, they will be gradually brought under the influence of the field 
— H, and as they pass out of the coil, this field will gradually drop to zero. 
The iron has thus been carried over the left-hand portion of Ewing’s curve 


for B and H, and an amount of work Ll has been spent in each cubic 
2 


centimeter of the iron, W being the energy per cubic centimeter, repre- 
sented by the entire area of Ewing’s curve. It remains to determine the 
source of the work thus spent. Referred to the moving coil, the magnetic 
state of the rod is stationary, and the induction through the coil is constant, 
therefore there can be no counter E.M.F’s in the coil, and the only elec- 
trical energy spent in the coil is that due to its electrical resistance ; this is 
of course not true when a stationary core is being magnetized by a current 
in a coil. The work spent in the iron must then be done in moving the 
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coil. Let 4 be the force required to drag the coil along the rod, F being 
2 
the same as in equation (3) ; then i is the work done in dragging the coil 
2 


through the distance /, during which movement g/ cubic centimeters of iron 


will have been carried through half a cycle ; so that xe of work has been 
2 


spent, which is, of course, equal to fy whence W= £. Q.E.D. 
2 


5. Lxperimental Results. 


This method for determining hysteresis loss has been applied by Messrs. 
Campbell and Dickinson (/sc. ci¢.) to annealed iron wire. The rod con- 
sisted of three strands of No. 18 B. & S. iron wire, g = 0.0247. The mov- 
able coil was 1" external diameter and 4" long, having 93 turns of wire 
per centimeter. The results are given in Table II. 


TABLE II. 
H F w 
+0.156 +182 757 30600 
0.105 123 747 30300 
0.049 59 653 26700 


The inaccuracy of equation (1) for so short a coil is not considerable. 
The sensitiveness of the balance would have permitted the accurate 
measurement of energy loss for very much smaller ranges of H. 


Ames, Iowa, January, 1895. 


Note ON A PHENOMENON IN THE DIFFRACTION OF SOUND. 
By W. S. FRANKLIN, 


ONSIDER a train of sound waves, of wave length A, passing an 
obstacle of width x. The intensity of the sound at a point /, at a 
distance P behind the obstacle, is very small when x is large compared 
with VPA. 
If a train of sound waves be reflected from a grating formed of parallel 
bars each of width x, and at distances y in the clear, distinct beats will be 
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heard as the ear moves in a direction perpendicular to the bars and 
parallel to the grating, at a distance P therefrom, providing neither x nor 
y is small compared with VPA. The same result will be produced if the 
ear is stationary, and the grating moved. 

Let one hold the ear near to one side of a revolving spoked wheel, and 
produce a sound of high pitch. ‘This sound, after reflection from the 
spokes of the wheel, will be heard to beat with great distinctness. If the 
ear is moved farther from the wheel, or if a sound of low pitch be pro- 
duced, the beats will become scarcely audible. 


Ames, IowA, January, 1895. 
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NEW BOOKS. 


The Theory of Sound. (In two volumes.) Vol. I. By Joun 
Srrutt (Baron RayLeicGH), Sc.D., F.R.S. Second edition, 
revised and enlarged. 8vo, pp. xiv+480. Macmillan & Co., 1894. 


The interest of this classical work, as its readers well know, is not solely 
due to its exhaustive treatment of the phenomena of Acoustics. The 
principles which it establishes for the general vibrating system with 
degrees of freedom (in which ” may be finite or infinite) have applica- 
tions in every branch of Physics, and furnish illustrations of many beautiful 
(if sometimes difficult) mathematical and dynamical theories. 

A large part of the first edition, published in 1877, consisted of articles 
that had been previously contributed by Lord Rayleigh to different peri- 
odicals. The first volume of the second edition, which is the subject of 
the present notice, appeared last fall, and contains an account of the more 
recent contributions of the author, and others, with complete references in 
all cases to the original sources for fuller information. 

The introductory chapter stands as in the first edition. Chapter II., on 
Harmonic Motions, contains a new article (32@) on beats arising from 
approximate consonance, instead of approximate unison; and another 
(42a) on the resultant of a large number (7) of vibrations of equal periods 
(7), and equal amplitudes (a), with phases accidentally distributed over 
the entire period ; giving an expression for the probability of a resultant 
amplitude between 7 and r+ dr, and hence of an amplitude between any 
assigned values. That the former Senior Wrangler has still a warm side 
for purely mathematical speculations, is shown, as in many other instances, 
by his giving the corresponding problem in space of three dimensions, 
although (as he states) it has no bearing on the theory of vibrations. 

In Chapter III., on Vibrations with One Degree of Freedom,’ there is 
inserted in Article (59), a statement of the observations of McLeod and 
Clarke, on the dependence of pitch on temperature, and another on the 
relative importance of slow and quick beats; while to Article (63) is 
added a description of the Phonic Wheel, invented independently by M. 


1It would seem desirable to have a single adjective to express the number of independ- 
ent variables involved in a problem. Perhaps “ univariant,” etc., would serve; eg. a 
univariant system, a bivariant vibration, a trivariant function. 
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La Cour and Lord Rayleigh, for regulating the speed of a revolving body 
by means of an intermittent electric current. A new article (65a) shows 
how the theory of intermittent vibrations may be illustrated by electrically 
driven forks, and gives the most general expression for a vibration of fre- 
quency #, whose amplitude and phase are slowly variable with frequency m, 
In connection with this the author shows to be inadmissible the assumption 
sometimes made in optical speculations, that a train of simple waves may 
begin at a given epoch, continue for a certain time, and ultimately cease. 
Article (66a) gives a more general treatment to the problem of free vibra- 
tions, in which the coefficient of damping is not regarded as small, while 
Articles (68a) and (684) treat of maintained vibrations, the latter article 
giving a brief account of the problem of Maintaining Vibrations with 
Forces of Double Frequency, more fully treated in a paper by Lord 
Rayleigh, to which reference is made. This paper is the more interesting, 
in that it contains an application of the new method of analysis introduced 
by Dr. G. W. Hill, of Washington, in connection with a problem in the 
Lunar Theory ;' and physicists will be gratified to find that Lord Rayleigh 
has so soon turned the “new instrument” to account in the theory of 
vibrations. Article (68c) treats of the determination of absolute pitch by the 
methods of Koenig, McLeod and Clarke, Professor Mayer, and of the author 
himself, while Article (68¢@) gives a method that requires only a common 
harmonium and a watch. 

In Chapters IV., V., on the General Vibrating System, Article (922) 
examines the effect of introducing constraints, defined by linear equations 
among the # normal ‘codrdinates, and gives a general proof of Routh’s 
“separation theorem,” that a system subject to one constraint has its # —1 
periods separating the n periods of the original system; while Articles 
(103a, 4) give Routh’s theorems on the “harmonic determinantal equa- 
tion” for the natural periods. Article (111@) cites references to Helm- 
holtz, Betti, and Lamb, for special applications of the “Principle of 
Reciprocity,” first established in its generality by Lord Rayleigh; and 
Article (1114) investigates an expression for the “reaction at a driving 
point,” giving, as a special case, Maxwell’s formula for the reaction upon 
the primary circuit due to the electric currents generated in a neighboring 
secondary circuit. 

In Chapter VI., on Transverse Vibrations of Strings, an addition is made 
to Article (140), showing how to determine a variation of density that shall 


1 Acta Mathematica, 1886. Speaking of this new method at the Mathematical Con- 
gress of 1893, Professor Felix Klein remarked that Dr. Hill had made an advance on the 
theory of the linear differential equation, by means of an instrument new to analysis, — 
the admissibility of which has been confirmed by subsequent writers, —the infinitely 
extended, but still convergent determinant. 
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produce assigned displacements in the respective natural periods of the 
string, while at the end of Article (142), the problem of varying density is 
worked out in the case of the law of the inverse square. Article (142@) 
shows how to trace the motion of the nodes when a forced period varies 
continuously. In Article (148@) the author investigates the reflection at 
the junction of two strings, or at a point where the density is discontinuous, 
and treats in (1484) of the reflection due to a gradual change of density, 
again working out the result for the law of the inverse square, while he 
shows in (148c) that considerations of stiffness introduce results analogous 
to optical dispersion. 

Chapter VII., on Longitudinal and Torsional Vibrations of Bars, con- 
tains a new article (156@) on the reflection at a junction, illustrating the 
difficulty in obtaining transmission of sound from air to metal, or metal to 
air, in the mechanical telephone. 

In Chapter VIII., on the Lateral Vibrations of Bars, Article (171) gives 
new numerical formulas for the pitch of tuning forks, and (192@) treats of 
the vibrations of a circular ring. 

Chapter IX., on the Vibrations of Membranes, contains an addition to 
Article (204), on the motion of a circular drumhead under a periodic force 
applied at the center, a problem that involves a Besselian function of the 
second kind; and a new article (213@) on the nodal curves of forced 
vibrations. 

Chapter X., on the Vibrations of Plane Isotropic Plates, has a new article 
(221@) on the vibration of a telephone plate, ze. a thin circular plate 
clamped at the boundary, a problem that involves the Besselian function 
with pure imaginary argument. An addition to Article (233) gives Fenk- 
ner’s observations on the tones of thin metallic cylinders open at one end ; 
while Article (235@) gives the results of experiments on bells of glass, and 
on church bells. 

A new chapter (X. A) deals with the vibrations of very thin curved plates 
or shells. The results are worked out for the general vibrations of an 
infinitely long cylindrical shell (with a reference to Love’s Z/aséicity in the 
case of finite length) ; also for the flexural (inextensional) vibrations of a 
finite cylindrical shell; the radial vibrations of a spherical shell (with a 
reference to Lamb for the more general extensional vibrations treated by 
Spherical Harmonics) ; and finally for the inextensional vibrations of the 
spherical shell. 

The next following chapter, which is also new, contains a discussion of 
Electrical Vibrations. The introduction of this class of problems in a 
treatise on Sound is explained by the author as being made necessary by the 
recent advances in the development of the telephone. Apart from their 
bearing upon this mode of sound transmission, however, the electrical prob- 
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lems appear equally important as illustrating the generality of the discus- 
sion of vibrating systems in Chapter IV. The first case treated is that of 
the free vibrations of a circuit containing inductance and capacity. Two 
mutually inductive circuits are next considered, first for the case of the 
instantaneous establishment of current in one circuit, and afterwards on the 
assumption of an harmonic impressed electromotive force. In this connec- 
tion the mutual reactions of the induced currents in a series of independent 
circuits are considered. As an example of electrical vibrations with two 
degrees of freedom, the case of two conductors in parallel is treated, and 
the interesting fact that the (alternating) currents in both branches of a 
divided circuit may exceed the current in the mains is explained. Article 
(2350) deals with the Hughes Induction Balance, while the next four 
articles discuss the theory of the Wheatstone Bridge, when used with 
interrupted or oscillatory currents. Valuable hints will be found here in 
regard to the action of automatic interrupters. ‘The problem of the induc- 
tion of currents in conducting cores is briefly discussed in Article (235 «). 
Here, as well as in the case of the following article on the distribution of 
oscillatory currents over the cross-section of a wire, the reader will regret 
that the problem has not been treated more in detail. The remaining ten 
pages are devoted to the problem of current propagation in a cable, when 
the impressed electromotive forces are harmonic, and to the general theory 
of the telephone. Among the interesting numerical data, in which these 
pages abound, may be mentioned the experimentally determined values of 
the minimum current which will produce an audible sound in a receiver. 
Possibly to allay the feeling that may arise in some minds that a sufficiently 
difficult treatise has become more difficult by the revision, the author 
has kindly inserted in his preface the statement that “the more difficult 
parts of the subject will be passed over by the reader on a first perusal.” 
As this sentence seems to be mandatory in its form, Lord Rayleigh would 
no doubt grant a properly presented request from his readers, to insert in the 
second volume a preface marking out what seems to him a suitable course 
for a first reading of the entire work. This would be a special boon to 
those who have so many other claims on their attention that the first read- 
ing must also be their final one. James McManon. 


Les Oscillations Electriques. By WH. Poincaré, Membre de 
l'Institut de France. 8vo, pp. 337. Paris, Georges Carré, 1894. 


M. Poincaré, the eminent professor of mathematical physics at the 
Faculty of Science of Paris, has for the past six years been publishing his 
courses of lectures, and the present volume forms the sixth of the series. 
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It is a very valuable work, for it discusses the electromagnetic theory in a 
lucid, original, and penetrating manner. 

Although the quantities treated of are almost all vectors, M. Poincaré 
does not use a vector notation ; he mitigates the prolixity and unwieldiness 
of the coordinate notation by various artifices, such as the use of 3, writing 
out only one of a set of three equations, using letters as abbreviations for 
expressions, and introducing arbitrary symbols such as A both for a deter- 


2 
- By the codrdinate usage, three independent 


symbols are usually assigned to each vector, as, for instance, X, Y, Z to the 
electric force, in consequence of which the memory is burdened and the 
available letters are all soon taken up. In the volume before us, é, », ¢ are 
assigned at different places to two different vectors. Mere economy of 
notation requires a reform; but more than that, there is need of a logical 
notation which shall show clearly the analytical relations of the several 
vectors, in order that the attention may be concentrated upon the physical 
relations. 
In the electromagnetic theory we have four fundamental vectors, — 


the electric force, Xi+ Wi+Z, (1) 
the magnetic force, Li+M/j+ Nk, (2) 
electric induction, e(Xi+ (3) 
magnetic induction, p(Li+ (4) 


From these respectively four other vectors are derived by space differ- 
entiation, namely, — 


Another vector, Poynting’s radiant vector, is obtained by deriving the 
vector which is perpendiclar to (1) and (2), namely, — 


(9) 


‘ 
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minant and for — + = 
ax* dy ds 
| 
| 


476 NEW BOOKS. (Vor. II. 


There are two other vectors, — 


conduction current, ui wk, (10) 
and, potential vector, fi+njt+ (11) 


The former is defined by 
uit+u+ 


where X's + Y'7+ Z'k denotes the electromotive force of contact, and A 
the conductivity. 
The latter is such that 


Lit Mj+Ne=(S_% dé _ ) dy _a@\, 


The velocity of a point of the circuit is also denoted by 
(12) 


and from (3) and (12) we obtain the perpendicular vector, 


e{(¥E—Zy)it+ XC) 7+ (Xy— (13) 
and, similarly, from (4) and (12), 
(ME — Nq)i + + (Ly — MEA. (14) 


By space differentiation of (13) another vector is obtained, which we 
shall denote by (15), and by space differentiation of (14) a vector which 
we shall denote by (16). 

In the first chapter M. Poincaré investigates, after the manner of Hertz 
and Heaviside, the fundamental equations of electrodynamics for bodies 
which are not in motion. He rests the first equation upon the experi- 
mentally established law of electromagnetic induction ; namely, that the 
electromotive force in a closed circuit is equal to the rate of change of the 
magnetic induction through a surface bounded by the circuit. This is 
expressed by 


(2)=(5). 


Here the quantity 4 is introduced in order to make the two sides have 
the same dimensions. By means of the above equation and the principle 
of the conservation of energy, he deduces the other equation ; namely, — 


Ae“ (1) =(6) +4 A(10). 
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In the second chapter, M. Poincaré takes up the discussion of the 
Herzian waves. He starts from Sir William Thomson’s investigation of the 
discharge of a Leyden jar, and describes the experimental methods which 
were devised to observe the oscillatory discharges. He then considers 
the apparatus by which Hertz produced much shorter waves, capable of 
being measured indirectly. He also discusses the apparatus of M. 
Blondlot ; and shows how to calculate the period and damping of the 
waves. 

In the third chapter we have a theoretical study of the Herzian waves, 
M. Poincaré finds the integral of the differential equations for the case of 
an exciter placed in a vacuum or air of indefinite extent, and works out 
fully the special case of a spherical exciter, such as Lodge’s, when placed 
in a uniform electric field, and the field suddenly released. In finding the 
solution of the differential equations, M. Poincaré employs an artifice, 
which is said to be frequently useful, namely, “If we find an imaginary 
solution having no meaning in itself, by retaining the real part, we obtain a 
solution answering to the physical reality.” How can this be possible, 
unless the artifice has not only a meaning, but a meaning which corre- 
sponds to physical reality? An explanation of this paradox will be found 
in my paper on the Analytical Treatment of Alternating Currents. 

In the fourth chapter M. Poincaré describes the experiments which 
have been made on electrical resonance, and on the propagation of waves 
along a wire, and examines the results in the light of the theory. In the 
fifth chapter he discusses, in a similar manner, the experiments which have 
been made on the propagation of electric waves in air. In the sixth chap- 
ter he applies the general equations to form a complete theory of the 
phenomena described in the two preceding chapters. The seventh chap- 
ter is devoted to the propagation of waves in dielectrics, other than air ; 
he describes the different methods of measuring the specific inductive 
capacity, and compares the results with the theoretical relation, ¢= 2’, 
required by Maxwell’s theory. 

In the last chapter M. Poincaré establishes, after Hertz, the general 
electrodynamical equations for the more general case of bodies in motion. 
The former of the pair of general equations becomes, — 


A“ (4) + A (16) +4 7Am(12)=(5), 


where 4 rm denotes the cosine product, — 


pl ,d-pM d-pN 
ax 


dy dz 


{ 
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The latter of the pair of general equations becomes, — 


A“ (3) + A(15) + 4 = (6) — 4 A(10), 


where 


a-eX , 


The third term of the first equation does not appear in Maxwell’s 
equation, and it is doubted whether it can be different from zero. The 
existence of the first term of the second equation was established by Hertz’s 
experiments, that of the second by Rowland’s experiments, and that of the 
third by Roentgen’s experiments. 

It is to be regretted that in a work of so great importance the formulz 
are not more free from typographical errors ; and it is also true that the 
diagrams could be improved. Notwithstanding these defects the work is 
a splendid addition to the literature of mathematical physics, and is one of 
the best contributions to science of a very prolific author. 


ALEXANDER MACFARLANE. 


University Physics. By H. S. CARnArtT. Part I., pp. 344. Boston, 
Allyn & Bacon, 1894. 


The volume here reviewed is the first part of a text-book on physics for 
university students. It treats of Mechanics, Sound, and Light ; the second 
part, not yet published, will be devoted to Electricity and Magnetism. 

Part I. contains about 350 pages, and is “an extension of one written 
several years since for the sole use of the author’s classes.” Professor 
Carhart follows the usual custom of combining text-book work with lectures 
as a first course in physics. The book is apparently an outgrowth of a 
course of lectures probably greatly expanded on its mathematical side. In 
the preface the author says: “ It leaves room for the personal equation in 
instruction ; but it will relieve the student of a large part of the labor of 
taking notes, and, it is hoped, will secure for him more accurate statements 
than he would be likely to obtain from listening to lectures without the aid 
afforded by a text-book of principles.” 

The subjects of Sound and Light are treated quite satisfactorily in a 
manner but little differing from that of most books of this class. One 
excellent feature not to be found in other such text-books is frequent 
specific references to a number of standard text-books, such as “ Daniell’s 
Physics ” and “ Preston’s Light.” 

The subject of sound is treated in two chapters on “ Nature and Motion 
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of Sound,” “ Physical Theory of Music.” Rather more attention is given to 
the latter subject than is usual. In the case of sound waves the character 
of motion of the particles is very early discussed. This is not true in the 
case of light waves. ‘The direction of vibration of the particles is first 
mentioned, under the head of polarization, in the last chapter. The first 
two chapters on light treat the subject largely from the standpoint of geo- 
metrical optics. In these chapters nothing is said about different kinds of 
light ; differences in wave length, period, or direction of vibration are not 
referred to. In the following chapter on dispersion the student learns 
that “a thin beam of sunlight passed through a prism, . . . is resolved into 
a number of colors of different refrangibility.... The color is the physio- 
logical character of light, the refrangibility is its physical character.” This 
is doubtless Newton’s way of looking at the matter, but many teachers 
would prefer explaining differences in wave length, period, and perhaps 
direction of vibration, when light is first treated as wave motion. 

Mechanics is treated in chapters on Kinematics, Kinetics, and Mechanics 
of Fluids. The discussion of simple harmonic motion is much more com- 
plete than is usual in such text-books. On the other hand, several impor- 
tant subjects have been entirely omitted. The author seeks to disarm 
criticism by saying that “no attempt has been made to secure complete- 
ness.” Nevertheless, it would seem that this lack of completeness is a 
serious fault in a text-book termed “ University Physics.” 

The law of gravitation is only barely mentioned under the head of capil- 
larity. ‘The relation between mass and weight, so difficult to beginners, is 
nowhere discussed. The equation VW = Mg may be logically included in 
the more general equation / = Ja, but all beginners need to have this 
troublesome relation very fully and carefully explained. 

Stress and Strain are not treated by themselves. The student is told, 
under the head of fluids, that “‘a perfect fluid would offer no resistance 
to a shearing stress’; but no definition or explanation of a shear or a 
shearing stress is given. Similarly the terms “ rigidity” and “ elasticity ” are 
nowhere defined, much less adequately treated, although they are used in 
discussing the mechanics of fluids, and in the subject of Sound, as though 
the student had studied them before. 

In this part of the book the statement of definitions and principles is not 
always as concise and accurate as it should be. For example, the student 
is led to believe that work consists in the overcoming of a resisting force ; 
later, the student will not be able to see that work is done when a force 
simply changes the kinetic energy of a body, since it is always difficult for a 
beginner to obtain a clear appreciation of the existence and magnitude of 
the resisting force of inertia. Again, after defining the dyne satisfactorily, 
the statement is made that “it produces unit acceleration of unit mass i” 
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unit time.” * In several places, principally in problems, an acceleration is 
spoken of as so many meters or centimeters per second, ignoring the fact 
that it depends on the square of a time. This is a mistake that students 
are very prone to make. 

In the first chapter, a distinction is made between a “ theoretical” and a 
“ practical” unit; the “ theoretical” unit being what the unit was meant 
to be, ¢.g. the meter being “ theoretically” the ten-millionth of the earth’s 
quadrant: a rather unfortunate use of that much-abused term “ theoreti- 
cal.” On the same page occurs the following amusing “slip of the pen”: 
“ Prototypes of the meter and kilogram made by an International Commis- 
sion are preserved in the Bureau of Weights and Measures at Washington.” 

The book assumes some knowledge of analytic geometry, but none of 
calculus, although the methods of the latter are occasionally made use of. 

Scattered throughout the book are a number of problems and illustrative 
examples. The student would find these more useful if a few of them were 
solved, and a portion, at least, had answers attached. F. J. Rocers. 


Collected Papers on some Controverted Questions of Geology. By 
JosepH Prestwick, F.R.S. 8vo, pp. x+279. Macmillan & Co., 1895. 
( Received.) 


Memoir of Sir Andrew Crombie Ramsay. By Sir ARcHIBALD 
Geikiz, F.R.S. 8vo., pp. vili+397. Macmillan & Co., 1895. (Received.) 


1 The italics are the reviewer’s. 


q 
| 
H | 
1 
3 4 
4 
“a 
it 
| 
! 
4 
> 
an 
| 
| 
4 
4 


Storage Battery Voltmeters. 
Standard Resistances. 
Standard Photometers. 


Potentiometers. 
Electrometers. 
Chronographs. 


a> High Grade Optical 
va Apparatus. 
% Commutators, 
% Condensers, 
We are Shunts, 


prepared Tp, Keys, 
4 etc 
laboratories 
completely. 


ImpRovED READING TELESCOPE. 


ELMER G. WILLYOUNG & CO., 


1210 BETZ BUILDING, PHILA., PA. 
SOLE AMERICAN AGENTS FOR 
NALDER BROS. & CO., LONDON, ENGLAND. 
AGENTS FOR 
JAMES WHITE, GLASGOW, SCOTLAND 
(LORD KELVIN’S INSTRUMENTS). 


We are getting up a very superior line of D’Arsonval Galvanometers, and would be 
pleased to have you correspond regarding them. 
We have excellent facilities for the design and manufacture of special apparatus. 


Wueatstone’s BrinGe AND Resistance Ser (AnTHONY Form). 


i 
| 
~ 
| 
- 4 
q 
q 
= 
J fi 
’ yy tat 
=! 
2 
a 
| 
i 
i | 
i 
= 
fl 
— 
q 
| 
i 


MACMILLAN & CO”’S NEW BOOKS. 


NEW AND ENLARGED EDITION. 


ELEMENTARY LESSONS IN ELECTRICITY AND MAGNETISM. 


By SILVANUS P. THOMPSON, D.Sc., B.A., F.R.A.S. 
Cloth. 12mo. Price, $1.40. 


“ The first edition of this book at once became immensely popular, and deservedly so, on 
both sides of the Atlantic. The author combined in a rare degree the three principal requi- 
sites for the preparation of a good text-book. He was himself a widely known scholar and 
investigator in the department of science specially treated; he was more than ordinarily 
accomplished in the art of exposition, and he was an expert and successful teacher. His pos- 
session of these qualities in undiminished magnitude is evidenced in the preparation of this 
new edition now offered to the public, which is the original work in plan, but entirely revised 
and largely rewritten with an enlargement of scope sufficient to embrace the important addi- 
tions to the science which have been made during the past fifteen years. . .. While retaining 
all essential ‘ fundamentals,’ Professor Thompson has found place for the presentation of all 
the essentials of recent discovery; and while this has been done with conciseness, it has also 
been done with that clearness and logical appropriateness for which the writings of this author 
are justly celebrated... . 

“ At the end is an excellent series of questions, classified as to the chapters of the books 
to which they refer, which cannot fail to add much to the value of the book 1m use, especially 
for those who study without an instructor. In fact, as an ‘all around’ elementary text-book 
in electricity and magnetism it will be difficult to find another in the English language that is 
superior or even equal to this.” — T. C. MENDENHALL, in Science. 


A LABORATORY MANUAL OF PHYSICS AND APPLIED ELECTRICITY. 


Arranged and Edited by EDWARD L. NICHOLS, 
Professor of Physics in Cornell University. 


IN TWO VOLUMES. 


VOL. I. Cloth. Price, $3.00. 
JUNIOR COURSE IN GENERAL PHYSICS. 
By ERNEST MERRITT AND FREDERICK J. ROGERS. 
VOL. II. Cloth. pp. 444. Price, $3.25. 
SENIOR COURSES AND OUTLINE OF ADVANCED WORK. 


By GEORGE S. MOLER, FREDERICK BEDELL, HOMER J. HOTCHKISS, 
CHARLES P. MATTHEWS, and THE EDITOR. 


The first volume, intended for beginners, affords explicit directions adapted to a modern 
laboratory, together with demonstrations and elementary statements of principles. It is 
assumed that the student possesses some knowledge of analytical geometry and of the calcu- 
lus. In the second volume more is left to the individual effort and to the maturer intelligence 
of the practicant. 

A large proportion of the students for whom primarily this Manual is intended, are pre- 
paring to become engineers, and especial attention-has been devoted to the needs of that class 
of readers. In Vol. II., especially, a considerable amount of work in applied electricity, in 
photometry, and in heat, has been introduced. 


NEARLY READY. 


A TEXT-BOOK OF THE PRINCIPLES OF PHYSICS. 


By ALFRED DANIELIL, M.A., LL.B., D.Sc., F.R.S.E. 
Cloth. 8vo. Price, $4.00. 
A new and thoroughly revised edition of a standard text-book. 
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240. 


Physical measurements, practical les- 
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Physical measurements, an introduction 
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317. 


Physico-chemical measurements, Os 
wald, 395- 


Ramsay, Sir Andrew Crombie, memoir 
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Resistance, the measurement of elec- 


trical, Price, 319. 
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Sound, theory of, Aayleigh, 471. 
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Ewing, 315. 
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Cajori, F., A History of Mathematics, 146. 
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Capacity, 


of electrolytic condensers, Sheldon, 


Leitch, and Shaw, 40l, 


On a relation between specific inductive 
capacity and chemical constitution of 


dielectrics, 7hwing, 35. 


Carbon bi-sulphide prism, change of refrac- 


tive index with temperature, 269. 
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Carhart, H. S.; 
Electric conductivity of copper as af- 
fected by the surrounding medium, 
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Price’s Zreatise on Electrical Resist- 
ance, 319, 
University Physics, 478, 
Variation of internal resistance of a 
voltaic cell with current, 392. 
Cell, variation of resistance with current, 
Carhart, 392. 
Chemical constitution of dielectrics, their 
relation to specific inductive capa- 
city, 7Zhwing, 35. 
Child, C. D.; 
Lodge’s The Work of Hlertz and Some 
of his Successors, 397; 
Thermal conductivity of copper, 412. 
Church, I. P., Greenhill’s 77eatzse on //y- 
drostatics, 229. 
Chute, nm. Me A Physic al Laboratory 
Manual, 317. 
Condensers, 
The capacity of electrolytic, Sheddéon, 
Leitch, and Shaw, 401, 
Residual charges of, Bedell and Kins- 
ley, 170. 
Conductivity, electric, 
of certain salt solutions, J/acGregory, 
301, 
of copper as affected by the surround- 
ing medium, 61, 66, 67, 
of distilled water, 367. 
Conductivity, thermal, 
of cast iron, Osmond, 211, 
of copper, Quick, Child, and Lawphear 
412. 
Copper, 
electric conductivity, 61, 65, 67, 
thermal conductivity, Quick, Child, and 
Lanphear, 412. 
Crehore, H. C.; 
A method for recording variable current 
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Resonance in transformer circuits, 
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Crystals, absorption of, in the infra-red, 
as dependent on the direction of 
the plane of polarization, Merritt, 
424. 

Crystalline masses, on the attraction of, 
at small distances, 321. 

Current curves, method of recording, Cre- 
hore, 122; Rollefson, 141. 

Cushman, H. Recent text-books in labora- 


tory physics, 317. 


D. 
Dielectrics, 
their effect on the electric conductivity 
of copper, O61, 65, 07, 
their specific inductive capacity and 
chemical constitution, 7Awing, 35, 
Residual charges of, Bedel/ and Ainsley, 
170. 
Diffraction of sound, note on a phenome- 
non in, /ranklin, 469. 
Dimensions of magnetic potential, Bededd, 
299. 
Discharge along the surface of a solid 
dielectric, 102. 
Du Bois, H., Aleagnetische Avreise, deren 
Theorie und Anwendung, 311. 


Dynamometer invented by Hertz, 36. 


E. 
Earl, A., Practical Lessons in Physical 
Measurements, 318. 


tric Congress, Proceedings of, 400. 
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Electric current, its influence on Young’s 
modulus, Voyes, 277. 

Electric strength, 99. 

Electrolytic condensers, the capacity of, 
Sheldon, Leitch, and Shaw, 401. 

Electromotive force at surface of contact, 
53, 55. 

Energy, distribution of, in the spectrum of 
the glow-lamp, Nichols, 260. 
English standard candle as a light stand- 
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Ewing, J/A., 7he Steam Engine and Other 
Heat Engines, 315. 
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liquids, Béiss, 241. 


Franklin, W. S.; 
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Frost, E. B., A Z7vreatise on Astronomical 
Spectroscopy, 308. 
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Geikie, Sir Archibald, AZemoirs of Ramsay, 
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Geipel, W., Electrical Engineering For- 
mule, 159. 
German candle as a light standard, 16. 
Glazebrook, R. 
Heat, an Elementary Text-book, 238, 
Light, an Elementary Text-book, 31 
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A general theory of, Weer, 112, 197, 
The distribution of energy in the spec- 
trum of, Nichols, 260. 
Goodwin, H. M., Ostwald’s Piysico-chemt- 
cal Measurements, 395. 
Greaves, J., Alementary //ydrostatics, 316. 
Greenhill, A. G., A Zvreatise on Hydro- 


slatics, 229. 
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Halley, E., /sogonic Chart, 72. 
Hallock, W., The photography of mano- 
metric flames, 305. 
Harkness, J.. 4 7veatise on the Theory of 
Functions, 157. 
Harmonic motion, A laboratory experiment 
in, Heed, 50. 
Heat, its influence on Young’s modulus, 
Noyes, 277. 
Heaviside, O., Flectro-magnetic Theory, 
152. 
Hefner lamp as a light standard, 2, 17. 
Hellman, G.; 
Neudrucke von Schriften und Karten 


ueber Meteorologie und Erdmag- 
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Schneckrystalle Beobachtungen und 
Studien, 233. 
Helmholtz, Hermann von, 222. 
Hooker, E. H., Greaves’ Elementary [y- 
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Houston, E. J., Spherical surfaces and their 
mercatorial projections, 143. 
Howard, L., Clouds, their Modifications, 

72. 
Humphreys, W. J., Surface tension of water 
at low temperatures, 387. 
Hutton, F. R., Ewing’s Steam Engine and 
Other Heat Engines, 315. 


I. 


Iceland spar, absorption by, 434. 
Incandescent lamp, 
Distribution of energy in spectrum of, 
Nichols, 260, 
A general theory of, Weber, 112, 191. 
Infra-red absorption by certain crystals, 
and its relation to the plane of 
polarization, J/erritt, 424. 
International Electrical Congress held in 
Chicago, Proceedings of, 400. 
Iridium, magnetic characteristics, Brackett, 
219. 
Tron, 
A method of testing its magnetic prop- 
erties, Franklin, 466, 
Thermal conductivity of, Osmond, 211. 
Isotropic masses, their attraction, at small 
distances, Jackenzie, 321. 


Jones, H. C., On the solution tension of 
metals, 81. 


K. 


Kennelly, A. E., spherical surfaces and 
their mercatorial projections, 143. 

Kilgour, M. H., Zéectrical Engineering 
Formule, 159. 

Kimball, A. L., Glazebrook’s ight, 314. 

Kinsley, C., Residual charges of condens- 
ers, 170. 

Kirchhoff, G., Vorlesungen ueber mathe- 
matische Physik, 73. 

Kohlrausch, F., 42 /ntroduction to Physt- 
cal Measurements, 318. 

Kundt, August, 68. 


L. 


Lanphear, B. S., Thermal conductivity of 


copper, 412. 
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Leitch, H. W., The capacity of electrolytic 
condensers, 401. 
Light, 
A bolometric study of standards, Sharp 
and Turnbull, 1, 
Studies of the lime-light, 17. C. Crehore, 


Lime-light, studies of, AZ. C. Crehore, > 
Lodge, O., Zhe Work of Hertz and Some 
of his Successors, 397. 
Lomb, H. C., Miethe’s Photographische 
Optik, 400. 
M. 
Macfarlane, A.; 
Heaviside’s Llectro-magnetic Theory, 
152, 
Poincaré’s Les Osctllations Electriques, 
474. 
MacGregory, A. C., The electric conduc- 
tivity of certain salt solutions, 361. ‘ 


Mackenzie, A. S., On the attraction of 
isotropic and crystalline masses at 
small distances, 32 

McMahon, J., Rayleigh’s 7%eory of Sound, 
471. 

Magnetic characteristics of iridium, Brack- 
ett, 


Magnetic needle, the secular motion of, 


219. 


Bauer, 455. 

Magnetic potential, Bede//, 298. 

Magnetic properties of iron, a new method 
of testing, Franklin, 466. 

Manometric flames, The photography of, 
Hallock, 305. 

Merritt, Ernest; 

On the absorption of certain crystals in 
the infra-red as dependent on the 
direction of the plane of polariza- 
tion, 424, 


Magnetische Kretse, deren 
Theorie und Anwendung, 311. 


Kirchhoff's 


matische Physik, 73. 
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Metals, their solution-tension, ores, 81. 

Methven screen as a light standard, 1, 17. 
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Mohler, J. F., Surface-tension of water at 
low temperatures, 357. 

Molecular conductivity, graphic representa- 
tion of, 371. 
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